Polyunsaturated aldehyde production by a temporally varying field assemblage of diatoms in the San Juan Island Archipelago: can diatom metabolites affect microzooplankton grazing? by Paul, Blair M. (Blair Michael)
Western Washington University 
Western CEDAR 
WWU Graduate School Collection WWU Graduate and Undergraduate Scholarship 
2010 
Polyunsaturated aldehyde production by a temporally varying field 
assemblage of diatoms in the San Juan Island Archipelago: can 
diatom metabolites affect microzooplankton grazing? 
Blair M. (Blair Michael) Paul 
Western Washington University 
Follow this and additional works at: https://cedar.wwu.edu/wwuet 
 Part of the Marine Biology Commons 
Recommended Citation 
Paul, Blair M. (Blair Michael), "Polyunsaturated aldehyde production by a temporally varying field 
assemblage of diatoms in the San Juan Island Archipelago: can diatom metabolites affect 
microzooplankton grazing?" (2010). WWU Graduate School Collection. 87. 
https://cedar.wwu.edu/wwuet/87 
This Masters Thesis is brought to you for free and open access by the WWU Graduate and Undergraduate 
Scholarship at Western CEDAR. It has been accepted for inclusion in WWU Graduate School Collection by an 
authorized administrator of Western CEDAR. For more information, please contact westerncedar@wwu.edu. 
  
 
 
POLYUNSATURATED ALDEHYDE PRODUCTION BY  
A TEMPORALLY VARYING FIELD ASSEMBLAGE OF DIATOMS 
IN THE SAN JUAN ISLAND ARCHIPELAGO: CAN DIATOM  
METABOLITES AFFECT MICROZOOPLANKTON GRAZING? 
 
 
By 
 
Blair Michael Paul 
 
 
 
 
Accepted in Partial Completion 
Of the Requirements for the Degree 
Master of Science 
 
 
 
                               _________________________________________ 
Dr. Moheb A. Ghali, Dean of the Graduate School 
 
 
 
ADVISORY COMMITTEE 
 
 
 
                               _________________________________________ 
Thesis Director, Dr. Suzanne L. Strom 
 
 
                               _________________________________________ 
Committee Chair, Dr. David Shull 
 
 
                               _________________________________________ 
Dr. Stephen Sulkin 
 
  
 
  
 
 
 
 
 
MASTER’S THESIS 
 
 
In presenting this thesis in partial fulfillment of the requirements for a master’s degree at 
Western Washington University, I grant to Western Washington University the non-
exclusive royalty-free right to archive, reproduce, distribute, and display the thesis in any 
and all forms, including electronic format, via any digital library mechanisms maintained 
by WWU. 
 
I represent and warrant this is my original work, and does not infringe or violate any 
rights of others. I warrant that I have obtained written permissions from the owner of any 
third party copyrighted material included in these files. 
 
I acknowledge that I retain ownership rights to the copyright of this work, including but 
not limited to the right to use all or part of this work in future works, such as articles or 
books. 
 
Library users are granted permission for individual, research and non-commercial 
reproduction of this work for educational purposes only. Any further digital posting of 
this document requires specific permission from the author. 
 
Any copying or publication of this thesis for commercial purposes, or for financial gain, 
is not allowed without my written permission. 
 
 
 
            
    Signature: ___________________________________ 
       
Date: ______________________________________ 
 
  
 
POLYUNSATURATED ALDEHYDE PRODUCTION BY  
A TEMPORALLY VARYING FIELD ASSEMBLAGE OF DIATOMS 
IN THE SAN JUAN ISLAND ARCHIPELAGO: CAN DIATOM  
METABOLITES AFFECT MICROZOOPLANKTON GRAZING? 
 
 
 
 
 
A Thesis 
Presented to 
The Faculty of 
Western Washington University 
 
 
 
 
In Partial Fulfillment 
Of the Requirements for the Degree 
Masters of Science 
 
 
 
 
 
By  
Blair Michael Paul 
November 2010 
 
 
 iv 
ABSTRACT 
The success of diatoms in a wide range of global habitats, together with common 
observations of the post-bloom sinking of diatom biomass, indicates that this taxon has 
evolved a mechanism to reduce the largest loss process for phytoplankton in the ocean, 
microzooplankton grazing.  Recent research has shown that polyunsaturated aldehydes 
(PUAs), lipid oxidation products generated by various species of diatoms, can reduce 
copepod fecundity and egg hatching success. This leads to the question of whether PUAs 
adversely affect the major global consumers of phytoplankton, microzooplankton.  In the 
late spring to early fall 2007, I used the seawater dilution technique to quantify 
phytoplankton growth and microzooplankton grazing; at the same time I determined 
diatom and microzooplankton abundances and biomasses at Rosario Point, Orcas Island, 
WA (N 48˚ 38.614, W 122˚52.750).  In addition, I measured production of PUAs by the 
phytoplankton community to assess whether these chemicals functioned as chemical 
grazing deterrents, to look for novel PUA-producing diatom genera, and to evaluate 
environmental factors that potentially influenced PUA production.  
Four hydrographic structural change (HSC) events in the water column were 
identified during the spring-summer sampling period that probably reflected flushing by 
outside water masses.  These events altered environmental conditions with distinct 
planktonic communities (termed community states) emerging during post-event water 
column stabilization. The first two community states were characterized by low nutrient 
concentrations with chlorophyll a between 6.5 and 13.1!g L
-1
 and several instances of 
negative growth and grazing rates.  This suggested the release of an unidentified chemical 
by the Pseudo-nitzschia spp. dominated first community state that additionally had 
 v 
moderately high PUA production levels of 771-1520 !g PUA g C
-1
.  Harmful algal 
bloom species Heterosigma akashiwo dominated the mid-summer community state with 
chlorophyll a reaching 10.45 !g chl L
-1
 and microzooplankton grazing rates reduced to 
nearly zero.  Lastly, the diatom dominated mid-to-late summer community state reached 
15.84 !g chl L
-1
 with Thalassiosira spp, Chaetoceros spp., and Skeletonema sp. all 
present as major constituents of the community that produced high PUA levels (1280-
3410 !g PUA g C
-1
).  Each of the genera found in this study contain species that have 
previously been identified as producing PUA.  Low phosphate concentrations within each 
of the PUA-producing communities appeared to influence production, as well as the 
presence of low light levels in the first community state that possibly increased PUA-
precursor molecule formation.  Furthermore, changes to growth rates in the >20-!m 
(diatom) community with nutrient addition often occurred during PUA production, 
however this response by sampled diatom communities did not preclude PUA production.    
Community grazing on the >20-!m size fraction was observed to decrease when 
PUA production was high.  During the spring state negative grazing along with low 
microzooplankton biomass made interpretation difficult.  During the mid-to-late summer 
state grazing was reduced to -0.02 to 0.08 d
-1
 with a large biomass of 143 to 180 !g C L
-1
 
of non-feeding microzooplankton that included known diatom-feeding dinoflagellates 
Protoperidinium sp., 40 to 59 !m Gyro/Gymnodinium, and >60-!m Gyro/Gymnodinium. 
With this reduced grazing, diatoms grew from 23.2 to 244 !g C L
-1
.  Since diatom 
grazing genera of microzooplankton did not feed during the initiation and maintenance of 
the August bloom, my data suggests that PUA played a role in bloom initiation and 
allowed the diatom community to avoid predation.   
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INTRODUCTION 
Marine food webs are dominated by microscopic organisms.  In these ecosystems, 
the bulk of primary production is consumed by predators of a similar size as their prey.  
The discovery of this diverse community of  <20 µm phytoplankton and 
microzooplankton in the late 70’s and early 80’s (Pomeroy 1974, Azam et al. 1983) 
expanded the traditional view of the planktonic food web, previously thought to be 
dominated by diatoms and copepods.  Microzooplankton (<200 µm phagotrophs) are 
estimated to consume an average of 67% of daily phytoplankton production across all 
oceanic habitats (Calbet & Landry 2004).  In coastal areas, where phytoplankton blooms 
occur seasonally, microzooplankton have also been shown to consume a large portion of 
the production (Leising et al. 2005, Strom et al. 2007). 
In the modern ocean, phytoplankton species in the phylum Bacillariophyceae 
(diatoms) are frequently observed to reach bloom densities at various times of the year.  
Additional to this, diatoms have diversified into an estimated tens of thousands of 
different species and are among the dominant primary producers in pelagic ecosystems 
worldwide.  Diatoms are thought to contribute 25-30% of the total primary production in 
oligotrophic ocean regions (Mann 1999).  Additionally, they contribute 40-45% of the 
total yearly oceanic production, an estimated 20 Pg C/yr (Mann 1999).  Their influences 
include substantial contributions to the biological pump, which brings fixed carbon down 
from euphotic zones into deep-sea environments (Lignell et al. 1993).  This downward 
flux supports deep-sea ecosystems and provides nutrients to upwelling zones worldwide.   
There are several theories regarding why a given species comes to dominate a 
bloom.  The first relates to competition between species for the available nutrients in the  
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water column. This theory predicts that r-strategists (faster growing species) should 
dominate when nutrient levels are high, and favors k-strategists (slower growing species 
which can be better competitors for nutrients) when concentrations are low.  This theory 
describes how bottom-up control dictates which phytoplankton taxa dominate.  The 
second theory postulates that many phytoplankton species have evolved to avoid or deter 
their predators.  This then allows for one species to outcompete another simply by not 
being eaten (ie. variations in top-down control).  To do this, a phytoplankton species must 
overcome common microzooplankton strategies including: maximized prey encounters, 
light utilization for enhanced protist digestion rates, nutritional plasticity, and rapid 
population growth (Strom 2002).  When growth rates of phytoplankton exceed predation 
and other loss processes, a bloom results.  Ultimately it is the degree to which the growth 
rate of a bloom-forming species exceeds the sum of all other loss processes, including 
grazing (Tillmann 2004) as influenced by interactions between predator and prey through 
chemical signals (Strom et al. 2003, Pohnert et al. 2007) that determines one species’ 
advantage over another.  
 
Phytoplankton chemical defenses 
Phytoplankton taxa that have been reported to utilize chemical defenses include 
dinoflagellates, diatoms, raphidophytes, prymnesiophytes, silicoflagellates, and 
cyanobacteria (Landsberg 2002).  Over the past fifty years, most research on 
phytoplankton chemical defense has been focused on harmful algal bloom (HAB) species 
that deleteriously affect humans, or cause observed fish kills.  The responsible chemicals 
include domoic acid (an amino acid), saxitoxins causing paralytic shellfish poisoning, 
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okadaic acid causing diarrhetic (or amnesic) shellfish poisoning (DAP/ASP), and a wide 
diversity of other compounds that change or disrupt food web dynamics (Horner et al. 
1997).  Wound-activated defense strategies are widely distributed among higher plants, 
but limited verified examples exist for phytoplankton (Juttner 2001, Pohnert 2005, 
Wichard et al. 2005a). Another hypothesized phytoplankton wound-activated defense is 
the conversion of dimethylsulfoniopropionate (DMSP) to dimethylsulfide (DMS) and 
acrylate by Emiliania huxleyi (Wolfe et al. 1997, Pohnert 2005).  However, data suggest 
that dissolved DMSP itself acts as a warning signal for protist grazers not to feed on the 
available prey (Strom et al. 2003).   
 
Poly-Unsaturated Aldehydes (PUAs) 
In a study by Miralto et al. (1999) three biologically active chemicals were 
isolated from the marine diatoms Thalassiosira rotula, Skeletonema costatum, and 
Pseudo-nitzschia delicatissima.  These chemicals were identified as 2-trans-4-cis-7-cis-
decatrienal, 2-trans-4-trans-7-cis-decatrienal (hereafter referred to as decatrienal), and 2-
trans-4-trans-decadienal (hereafter referred to as decadienal).  This discovery led to 
further isolation attempts that identified a group of related chemicals (Figure 1), all 
",#,$,%-poly-unsaturated aldehydes (PUAs; Pohnert et al. 2002).  PUAs have been shown 
to have affects on the reproduction of copepods by reducing egg production rates (Ban et 
al. 1997, Ianora et al. 1999, Ianora et al. 2003, Poulet et al. 2006), hatching success of 
copepod eggs (Miralto et al. 1999, Ianora et al. 2003), and copepod larval development 
(Ianora et al. 2004).  The enzymatic mechanisms that produce these PUAs are not active 
in intact, healthy diatom cells, but are activated immediately after cell disruption, leading  
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Figure 1.  Reactive ",#,$,%-unsaturated aldehydes found in marine diatoms (reproduced 
from Pohnert 2005) 
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to a high local concentration of the defensive metabolites (Pohnert 2000).  Once the 
enzymes are activated by cell disruption, all chemical precursors present in the vicinity of 
the enzyme are converted to reactive PUAs, implying that the aldehyde production rate 
can be substrate-limited (Pohnert 2005).  One study to date has conducted a survey of 
PUA production.  Of 51 diatom species (71 isolates), 38% released ",#,$,%-unsaturated 
aldehydes when cell disruption occurred, with concentrations ranging from 0.01 to 9.8 
fmol per cell (Wichard et al. 2005a).   
 
Lipids as chemical precursors 
The least complex lipids in biological organisms are fatty acids, almost always 
occurring as constituents of more complex lipids that include triacylglycerols, 
glycolipids, and phospholipids (Mathews & Van Holde 1996).  The un-branched 
structure of the PUA compounds generated by diatoms suggested to researchers that 
poly-unsaturated fatty acids were the precursor molecules.  Two fatty acid precursors 
have been identified; both C20:5(n-3): (eicosapentaenoic acid, the precursor for decatrienal) 
and C20:4(&-6) (arachidonic acid, the precursor for decadienal).  Eicosapentaenoic acid is 
also the precursor for 2,4-heptadienal (Pohnert 2005).  Additionally, the C8 aldehydes 
2,4-octadienal and 2,4,7-octatrienal (fatty acids and aldehydes herein take the form C:D, 
where C is the number of carbon atoms and D is the number of double bonds) are derived 
from the unusual double bonding of C16 fatty acid precursors (%6,9,12-C16:3 and 
%6,9,12,15-C16:4, respectively (Pohnert 2005)).  These precursor molecules are 
transformed by lipases and lipoxygenases to yield reactive defensive metabolites (Figure 
2).
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Figure 2.  Mechanism of conversion from lipid precursors to PUA defensive molecules 
(reproduced from Pohnert 2005). 
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Regulation of lipid precursors 
Several decades of research related to lipids within phytoplankton have examined 
the response of phytoplankton lipids to nutrient stress, the effect of light/dark cycles on 
lipid composition, and intra-species variability in response to environmental stress.  
Several studies have looked at nutrient stress in phytoplankton, with the general trend of 
nitrogen deprivation for 4 to 9 d increasing the lipid content in green algae by 2- to 3-
fold, while diatoms showed both increased and decreased lipids during the same 
deprivation period (Shifrin 1980).  Larson and Rees (1996) found that lipids increased in 
diatoms during 5 d of nitrogen starvation.  Lipid content can also change over the 
light/dark cycle.  In the diatom Cyclotella meneghiniana, lipid relative volume was 
highest in the early part of the dark period; however, C16 fatty acids remained constant 
during the light/dark cycle at 70% of the total fatty acid pool, suggesting that lipid 
composition did not change (Sicko-Goad et al. 1988).   
In support of previous findings that precursor lipid content increased with nutrient 
stress, Ribalet et al. (2007) showed that PUA production increased in Skeletonema 
marinoi by a factor of 1.4 and 1.8 for N- and P-limited cultures, respectively, compared 
to control nutrient-replete cultures.  This similarity between precursor and product 
reaction to nitrogen stress supports a connection between environmental controls that 
affect lipids and those affecting PUAs.  This suggests a possible influence of 
phytoplankton growth stage or nutrient status on the chemical defenses of diatoms in the 
field. 
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Microzooplankton feeding on diatoms 
In contrast to knowledge about diatom-copepod interactions, comparably little is 
known about the full range of interactions and food-web pathways that exist between 
microzooplankton and diatoms (Sherr & Sherr 2007).  Studies have shown that some 
microzooplankton taxa directly feed on diatoms, influencing the fate of a diatom bloom.  
Examples include thecate heterotrophic dinoflagellates (Jacobson & Anderson 1986), 
gymnodinoid (Neuer & Cowles 1994) and Gyrodinium-like dinoflagellates (Buck & 
Newton 1995), small microflagellates (Suttle et al. 1986), and ciliates (Nejstgaard et al. 
1997).  Along with this, predation by microzooplankton on larger chains of diatoms has 
been shown (Jacobson & Anderson 1986).  A study of global primary production 
consumed by mesozooplankton found a maximum of ~23% consumption (Calbet 2001), 
in contrast to consumption by microzooplankton at ~67% of oceanic production (Calbet 
& Landry 2004).  With the understanding that microzooplankton are the primary grazers 
of diatoms, the effects of diatom PUAs on microzooplankton will further elucidate food 
web pathways that exist in the ocean. 
 
Field site 
To examine diatom-microzooplankton interaction in natural planktonic 
communities, East Sound, Orcas Island was chosen as a field site (Figure 3).  East Sound 
is a temperate fjord 12 km in length, 2 km in width, and 30 m in depth isolated by a 
partial sill 14 m deep at the southwestern opening.  It is located in the Northeastern 
Pacific Ocean within the San Juan Island archipelago, Washington State.  Marine 
influences include Georgia Basin water located to the north, Pacific Ocean water entering 
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Figure 3. East Sound, Orcas Island, with the sample station identified with an X 
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through the Strait of Juan de Fuca to the southwest, Puget Sound water from the south, 
and Fraser River-derived water entering the Georgia Basin to the north.  Reduced 
circulation and mixing is found within East Sound compared to the rest of the archipelago 
(Twardowski & Donaghay 2001), causing periodic stratification in the spring and 
summer (Dekshenieks et al. 2001).   
Seasonal features of the water column of East Sound include the presence of 
chlorophyll thin layers that are found closely associated with pycnoclines.  Thin layers 
are defined as a narrowband of the water column with 3 times greater fluorescence than 
ambient levels (Dekshenieks et al. 2001); and fluorescence in these layers can reach >6 
times ambient levels or be dispersed to multiple less-concentrated layers depending on 
advective flow patterns (McManus et al. 2003).  Often these layers persist throughout the 
entire Sound for days (Rines et al. 2002) and can range from a few centimeters to several 
meters thick (Dekshenieks et al. 2001, McManus et al. 2003).  According to a July 2005 
study, no differences were observed in species composition among samples collected at 
any depth in the Sound on a given sampling date (Menden-Deuer 2008), although the 
biomass of phytoplankton prey species within thin layers uniformly exceeded the 
dominant predator’s survival threshold.  In contrast, the lower phytoplankton 
concentrations outside thin layers were predicted to not support microzooplankton growth 
in all but 3 samples (Menden-Deuer 2008). 
To determine whether chemical defenses of diatoms could affect grazing by 
microzooplankton in-situ, the present field study attempted to correlate the chemical 
metabolites of diatoms to the microzooplankton grazing on that community.  Specifically, 
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this study aimed to (1) observe temporal changes of the diatom and microzooplankton 
community composition and abundance in relation to environmental conditions; (2) 
quantify grazing on PUA-producing diatoms by the co-occurring microzooplankton 
community; and (3) determine in-situ PUA production for previously tested and untested 
genera of diatoms.  The overall goal was to provide ecological insight into how diatom 
defenses might have contributed to their competitive success in becoming one of the most 
dominant taxa of bloom-forming phytoplankton world-wide.     
 12 
METHODS 
A previously investigated station in East Sound (Jenson 2007, Menden-Deuer 
2008), located just off Rosario Point (N 48˚ 38.614, W 122˚52.750), was sampled from 
May-October, 2007 (Table 1) for a total of 12 cruises aboard the R/V Zoea.  The 
sampling period spanned the summer months for a range of conditions for nutrient 
availability, light intensity, water temperature, and freshwater input (Jenson 2007).  
Changes in these environmental conditions have been associated with different species 
assemblages of both diatoms and microzooplankton in Puget Sound fjords including East 
Sound (Horner et al. 2005, Jenson 2007).  
 
On-board Measurements 
On each sampling date, a water column irradiance profile was obtained using a 
Li-Cor LI-1935A Spherical Quantum underwater photosynthetically active radiation 
(PAR) sensor by collecting data every m down to 25 m or until kiting of the line was 
believed to cease descension of the sensor.  Additionally, a Sea-Bird SBE 19-plus with a 
mounted Wetstar Fluorometer (herein referred to as CTD) was used to measure 
conductivity, temperature, depth, and in-situ fluorescence.  Measurements were taken 
every 0.25 s by the CTD and relayed through a cable attached in the cabin of the boat to a 
laptop computer, where a visual display was observed using the accompanying Seasave 
software.  The CTD was mounted to the R/V Zoea’s cable and winch, then lowered and 
raised using the slowest setting to provide the most detailed profile possible.   
 13 
Table 1. Dates, sampling information, and experimental incubation conditions for each of the cruises in the study (nd = not 
determined) 
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Water Collection 
Water collection occurred once the boat was on station and the CTD deployed, 
with allowed drift of the boat until the cast was complete.  When a clear chlorophyll 
maximum layer existed, the water about 1 m above the layer was sampled to ensure that 
healthy cells were captured.  The first experiment was the lone exception to this, as the 
initial goal was to capture the chlorophyll maximum layer to obtain the most cells.  Due 
to a negative grazing rate estimate on this sample, concerns were raised regarding the 
ability to reproduce the low light levels found at depth, and the remaining cruises 
followed the previously mentioned procedure.  Additionally, when no clear pycnocline or 
chlorophyll maximum layer was observed, the sample depth was located immediately 
below the surface (Table 1).   
Upon reaching the appropriate depth, a steel messenger was sent to close the 
doors on a vertically mounted 12-L Niskin bottle that was attached immediately above 
the CTD on the cable and winch at the rear of the boat.  Three samples were collected 
and each transferred using silicon tubing with a 202-!m Nitex mesh covering (to remove 
large zooplankton) into two separate 20-L polycarbonate carboys, filling from the bottom 
up with a minimum amount of bubbles being generated during transfer.   All components 
used in the procedure had been acid washed (10% HCl) and stored in acid-washed zip-
lock bags.  Nitrile gloves were worn during transfer and the carboys were rinsed twice 
with sample water before collecting samples for experimentation and analysis.  The 
carboys were covered with black plastic garbage bags and placed in the shade for 
transport to Shannon Point Marine Center (SPMC) for further processing. 
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Water processing 
The first of the two 202-µm pre-screened 20-L carboys filled with whole seawater 
(WSW) was mixed using a glass rod connected to a circular disk which was continuously 
raised and lowered in a vertical motion throughout the carboy to maintain a mixed water 
column, while a siphon was created using a silicon tube to aliquot WSW samples into 
pre-labeled bottles for the different incubation treatments and analysis.  Out of the second 
carboy, 7.2 L of seawater was gravity-filtered using a 0.2-µm pore-size capsule filter into 
a 9-L carboy, followed by 0.8 L of WSW from the first carboy to obtain a volume of 10% 
whole seawater (10% WSW) to be used in the dilution experiment.  
  
Dilution experiments, Chorophyll a analysis 
Microzooplankton grazing and phytoplankton growth rates were quantified using 
a variation of the dilution technique (Landry & Hassett 1982)  An assumption of the 
technique is that the measured phytoplankton net growth rate (r) in WSW (without 
nutrient limitation) is the difference between the intrinsic growth of the phytoplankton  
r = !- g                                         Equation 1 
(!) and the rate of mortality due to grazing (g) (Equation 1).  Traditionally, the dilution 
experiment dilutes WSW to different final concentrations with FSW to create a cell 
density gradient.  The net growth rates are then regressed against the dilution percentage 
with zero grazing assumed to equate to the y-intercept of the relationship.    In my 
modification to the original technique, it is assumed that the 10% WSW treatment is 
sufficiently dilute that microzooplankton rarely encounter prey and g is effectively zero, 
such that the net growth rate r in that treatment equates to !.  The assumption that r in the 
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10% WSW dilution equals ! was tested with two large data sets; these showed that the 
net growth rate in 5 and 10% WSW were not significantly different from the estimate of 
! obtained from regression analyses of full dilution series (Strom et al. 2006, Strom & 
Fredrickson 2008).  A 10% dilution was chosen for East Sound in the attempt to leave 
enough chlorophyll to have a measurable signal over the expected temporal range of 
chlorophyll concentrations (Strom, personal comm.).    
 Quadruplicate 1-L polycarbonate bottles were filled for both WSW and 10% 
WSW, all of which were nutrient-enriched.  Additional quadruplicate sets of WSW 
bottles were filled for non-nutrient enriched controls (labeled as WSW-N).  Added 
nutrients consisted of nitrate (experimental concentration 10 µmol/L as NaNO3) and 
phosphate (0.63 µmol/L as Na2HPO4) to simulate the excretion from microzooplankton 
that were diluted out of the community in the 10 % WSW bottles.  They were also added 
to ensure that any nutrient limitation that would lower ! in the WSW bottles compared to 
the 10 % WSW bottles would be accounted for by adding excess nutrients for both 
communities (WSW+N).  This allowed ! to remain the same for both diluted and 
undiluted treatments, a key assumption of the technique. The growth rate for the un-
enriched community (!-N, obtained by re-arranging equation 1 into the form !-N = r-N + g) 
when compared to !+N additionally gives a quantification of the nutrient limitation of the 
system.   
The twelve 1-L polycarbonate bottles (four 10% WSW+N, four WSW+N, and four 
WSW-N) were then placed on a rotating plankton wheel inside a plexiglass tank located 
outdoors.  The tank was cooled by natural seawater flowing around the bottles with an 
entry and exit port in the tank to maintain temperature.  The sample bottles were wrapped 
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in screen to correspond to natural amounts of irradiance they would have received at the 
depth where they were collected (Table 1).  Each layer of screen blocked 50% of incident 
irradiance. 
Incubation conditions were monitoried with two automated data collection 
instruments.  An Onset HOBO Watertemp data logger was submersed inside the 
incubation chamber to measure temperature every 15 min, and a Li-Cor LI-1400 2! 
irradiance sensor was located on the roof of the adjacent laboratory building to sample 
PAR every min, reporting hourly integrated values.   
Size fractionated chlorophyll a (<5 µm, 5 to 20 µm, and >20 µm) samples were 
taken from WSW+N, WSW-N, and 10% WSW in triplicate both before and after 24 hr 
incubation.  This process consisted of using 3 filters in series: from top to bottom, a 47-
mm diameter, 20-µm pore-size polycarbonate filter; a 47-mm, 5-µm pore-size 
polycarbonate filter; and a 25-mm, 0.7-µm effective pore-size glass fiber filter.  
Chlorophyll a (herein refered to as chl) was extracted by placing the filter in 6 ml of 90% 
acetone (-20 º C, 24 hr).  Upon removal from the freezer, extracts were vortexed, filters 
removed, and the extracts centrifuged at 20º C, 4000 RPM for 5 min (Parsons et al. 
1984).  Following centrifugation, chl fluorescence was read using a Turner 10-AU 
fluorometer, then 2 drops of 1 N HCl was added to the tube and the fluorescence re-read 
to assess phaeopigment concentration (Parsons et al. 1984). Chl concentration was 
calculated using the equations found in Lorenzen (1966).  Additionally, phytoplankton 
net growth rates (r) were calculated using the equation:  
1/t · ln (Chlt / Chl0) =  r   Equation 2 
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where Chlt is the chl concentration after 24 hr, Chl0 is the initial chl concentration, and t = 
incubation time (d).  Grazing rates were obtained from the aforementioned two point 
dilution method using equation 1 (Strom et al. 2007).   
 
Planktonic assemblages 
Samples (122 to 250 ml) from WSW carboys at the beginning of the experiment 
were poured gently into triplicate amber glass bottles pre-filled with acid Lugol’s solution 
or sodium borate-buffered formalin (20% solution) to a final concentration of 10% acid 
Lugols and 2% (v/v) formalin.  Swirling and gentle inversions of the bottles occurred 
several times to mix the contents and ensure proper contact with the preservatives.   
 
Microzooplankton 
Counting occurred by settling an appropriate volume of sample in a 10-ml 
Utermohl settling chamber to allow at least 200 cells in the 20 to 200 µm size range to be 
present.  The sample was allowed to settle for at least 4 hr before counting.  When !10 ml 
was needed for counting, samples were pre-concentrated in graduated cylinders before 
transfer to settling chambers.   
All counts took place at 250X on an inverted microscope.  Microzooplankton 
!20-µm were sorted taxonomically into ciliates, dinoflagellates, and invert larvae.  
Ciliates "20-µm were also counted. From these major catagories, subgroups were 
assigned based on definitive species characteristics (identification guide provided by 
Strom lab) and shape.  Taxa were recorded and cell dimensions measured using a 
digitized pad connected to Microbiota software (Roff & Hopcroft 1986).  Volumes of 
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each cell were estimated from linear dimensions assuming a geometry for each 
taxonomic or morphological category.  Duplicate samples were counted; occasionally a 
third was counted if the difference between the first two cell count numbers was ! 15%.  
Carbon biomass estimates were obtained using a carbon/biovolume ratio for ciliates of 
0.19 pg C µm
-3
 (Putt & Stoecker 1989) and for dinoflagellates using the regression 
equation of log pg C cell
-1
 = -0.119 + (0.819 · log volume) (Menden-Deuer & Lessard 
2000). 
 
Diatoms 
All samples were transferred from darkened amber bottles into 50-ml 
polypropylene centrifuge tubes (7 weeks in polycarbonate tubes) for transport from 
Washington to Hawaii. Upon arrival, they were placed into borosilicate glass scintillation 
vials and stored in the dark.  Samples were counted by settling an appropriate volume of 
sample in a centrifuge tube or cryovial (depending on necessary volume to remove), 
followed by pipetting a known volume out to concentrate the sample and allow at least 
200 diatoms cells to be present in the final volume. 
I counted the samples using two microscopes: a compound light microscope for 
the first four experiments, and an AxioObserver A1 inverted microscope for the 
remaining eight experiments.  A combination of a Palmer-Maloney (P-M) counting 
chamber and 7 ml well plates were used for the enumeration and identification of species.  
The P-M chamber was allowed to settle for 15 minutes before counting, and the well 
plate was allowed to settle overnight before counting.  For the compound light 
microscope cells were counted in phase contrast using 100X magnification, upon which 
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400X magnification would be used to identify questionable species.  With the inverted 
microscope cells were counted and identified at 200X magnification.  At least 200 cells 
were counted for each experiment in duplicate; when the difference in total cell number 
was > 15%, a third replicate was counted.  Identification was done to the species level 
when possible based on light microscope (LM) visible features (Cupp 1943, Horner 1980, 
Rines 2007)  For some genera, there were groupings formed based on LM visible 
characteristics that could not be further divided without unavailable microscopy 
techniques (tables 2 and 3). 
For all counts, photographs were taken of each species type seen, then 
measurements of cell width, length, and depth (when visible) were made using a 
micrometer-calibrated measuring tool on the software program AxioVision 4.6.  For each 
dominant species, 25 separate cells (chains for some genera) were photographed and 
measured.  When the total number for a given species was !25, at least 10 cells were 
measured; if !10, all were measured.  The average of the resulting biovolumes for the 
given species were then applied to the remaining un-photographed cells.   Further species 
classifications also occurred using the photographed images by identifying organisms to 
the species complexes identified in tables 2 and 3, calculating the percentage contribution 
of those subcategories, and applying the resulting percentage to the total cell number of 
the genus group for that sample. 
Biovolumes were estimated using equations and shapes found in Microbiota 
software (Roff & Hopcroft 1986), or shapes from Hillebrand et al. (1999).  The depth for 
cells found in valvular view were either estimated based on a measurement from another 
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Table 2. Pennate diatom species groups, shapes used for measuring, and depth assumptions of non-visible sides for biovolume 
estimates (Roff & Hopcroft 1986, Hillebrand et al. 1999).  Shapes listed with an (H) were suggested in table 2 of Hillebrand 1999 for 
the given species, while those with an (A) were altered from the suggested shape.  “-“ indicates length values that were always present 
regardless of orientation of the cell.  Descriptions of the lengths measured in L1 to 5 can be obtained in appendix A. 
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Table 3. Centric diatom species groups, shapes used for measuring, and depth assumptions of non-visible sides for biovolume 
estimates (Roff & Hopcroft 1986, Hillebrand et al. 1999). Shapes listed with an (H) were suggested in table 2 of Hillebrand 1999 for 
the given species, while those with an (A) were altered from the suggested shape.  Shapes that indicate (R & H) were suggested and 
measurement descriptions obtained from Roff & Hopcroft 1986.  “-“ indicates length values that were always present regardless of 
orientation of the cell.  Descriptions of the lengths measured in L1 to 5 can be obtained in appendix A. 
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cell of the same species found in girdle view or assumed to be a fixed fraction of the 
valve width or diameter (table 2 and 3).  Carbon biomass was obtained using equations 
from Menden-Deuer and Lessard (2000); log pg C cell
-1
 = -0.541 + (0.811 · log volume) 
for cells with volume !3000 µm"; log pg C cell
-1
 = -0.933 + (0.881 · log volume) for cells 
with volume #3000 µm". 
Nutrient Analysis 
Subsamples were taken in triplicate for three nutrient analysis procedures (NO3
-
, 
PO4
3-
, and Si(OH)4
+
) into nine total 10-ml polycarbonate bottles. Contents of all three 
triplicate bottles were then combined and filtered through a 0.45-µm polycarbonate filter 
into their original bottles and placed into a -70˚C freezer.  Samples from all experiments 
were analyzed together after completion of the last experiment.   Care was taken to 
defrost the silicate samples according to Dore et. al (1996) by placing the samples into a 
4ºC fridge for 2 d before warming them to room temperature.  Phosphate was analyzed 
using the colorometric method of Parsons, Maita, & Lalli (1984).  Silicate was analyzed 
according to Nelson and Arrington (2007).  Nitrate/nitrite analysis was conducted using 
the Alpkem AutoAnalyzer located at SPMC (Whitledge et al. 1981). 
 
PUA analysis 
A 1 L sample was taken for PUA analysis (method of Wichard (2005b), modified 
according to F. Prahl, OSU, personal communication) and centrifuged at 2500 rpm for 15 
min in four 182-ml centrifuge bottles, concentrating the organisms at the bottom of the 
bottles.  The bottles were carefully removed from the centrifuge, and ~2/3 to 3/4 of the 
overlaying water was removed.  The remaining volume was then repetitively swirled and 
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combined into one of the four centrifuge bottles.  This concentrated sample was gently 
filtered through a 25-mm Versapor polycarbonate 0.8-µm pore-size filter (5-mm Hg 
vacuum) until the volume remaining over the filter was approximately 300 µl.  At this 
point, the filtration tower was removed over a funnel placed in a 2-ml dram glass vial.  A 
1-ml volume of O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamin hydrochloride 
(PFBHA.HCl, 99%), a derivitizing reagent in pH 7.0 Tris-HCl buffer, was used to 
carefully rinse the filter using a 1-ml Hamilton syringe, derivitizing the aldehydes while 
transferring the cell concentrate on the filter into the vial, which was then closed with a 
black phenolic cap lined with Teflon/silicone septa to remain airtight.  The vial was 
cooled for 5 min on ice before adding 5 µl of 1 mM benzaldehyde (internal standard for 
GC/MS).  The cell suspension was then sonicated at 40% of full power for 2 min, and 
allowed to warm up to room temperature for 30 min, then frozen and stored at -70°C.   
The frozen samples were transferred in two batches to the laboratory of Dr. Fred 
Prahl (Corvallis, OR) for quantification of aldehydes.  The initial transfer of samples 
from the first six experiments occurred on dry ice in a cooler for ~14 hr before being 
processed at the Prahl lab, while the second was transported using blue ice packs in a 
cooler for 14 h before being processed.  The second transfer technique was observed to 
severely compromise the integrity of other samples transported within the same cooler 
that were part of a longer term study, being removed from analysis due to lower PUA 
values than other similarly processed samples (Strom personal comm.).  Upon arrival in 
the Prahl lab, 0.5 ml of methanol was added to the sample, followed by 1 ml hexane.  
This mixture was capped and shaken well for 1 min to form a biphasic solution.  After the 
2 layers separated in the sample, a glass Pasteur pipette was used to remove the upper 
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hexane layer.  This non-polar fraction was then de-watered by passing it through a 
separate Pasteur pipette plugged with glass wool and filled with granular sodium sulfate 
(EM Tracepure ACS grade 10-60 mesh).  The effluent was collected in a separate dram 
glass vial and the hexane extraction of the original water phase was performed twice 
more.  The resultant hexane solvent was evaporated just to dryness using N2 gas streamed 
over the dram vial.   
 
GC analysis 
Samples were re-dissolved in iso-octane in preparation for injection onto a gas 
chromatograph (GC).  A Hewlett Packard 6890 GC equipped with a 60-m VB-1 capillary 
column (0.32-mm internal diameter, 0.25-µm film thickness) with flame ionization 
detection (FID) was used for electron ionization mass spectrometry (EI-MS) 
measurements.  Separation occurred using the following temperature program: 100˚C 
initial with immediate 5˚C/min increases to 300˚C.  Extracts of derivatized aldehydes 
eluted within the first 30 min.  Additionally, extracts were injected onto another Hewlett 
Packard 5890 GC equipped with a 30-m DB-5 Grob injector and VB-1 column (60 m, 
0.32-mm internal diameter with 0.25-µm film thickness) interfaced to a benchtop mass 
spectrometric detector (MSD) to verify compound identification (Prahl, personal comm.).  
The inlet temperature was maintained at 250˚C and the column temperature was held at 
60˚C for 2 min, increased from 60 to 300˚C at 8˚C/min and finally held at 300ºC for 3 
min.  Helium was used as the carrier gas at a constant flow of 1.5 ml/min and the transfer 
capillary was held at 270˚C in accordance with Wichard et al. (2005b).  Limits of 
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detection were approximately 5 pg !l
-1
 injected onto the GC-MSD and 20 pg !l
-1
 injected 
onto the GC-FID, as 1-!l injections occurred after a dilution with 50-!l iso-octane.   
 
Data processing 
Data were processed using Microsoft Excel software and saved as .csv files to 
load into R software.  Graphs and statistical analysis proceeded using the R base package, 
with the exception of contour plots that used the additional lattice package.  Important 
functions used for CTD graphs were approx() to interpolate values to 120 intervals within 
the sampling season and 1000 depth intervals from 1 to 19 m for all the CTD data 
collected (density, temperature, and salinity).  Daily PAR values from the meteorological 
station at Shannon Point were interpolated to 616 intervals during the sampling season 
and light profiles were interpolated using 1000 depth intervals from the collected 1-meter 
increment data.  Statistical analysis of nutrient limitation occurred using 2-sided t-tests to 
determine the significance when comparing !+N and !-N. 
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RESULTS 
Physical Environment 
Sigma-t (!t), temperature, and salinity (figures 4 to 6) showed evidence of 
stratification within the water column in May, June, mid-July, late July to early August, 
and September.  Four major hydrographic structural change (HSC) events were observed 
on June 18, July 9, July 23, and August 20.  These HSC events were defined as major 
changes in !t, temperature, and salinity that affected the entire water column (0 to 19 m) 
from one sample date to the next and were probably indicative of the flushing of East 
Sound by “new” water masses from outside the Sound.  Three of the HSC events (June 
18, July 23, and August 20) constituted increases in !t, decreases in temperature, and 
increases in salinity that followed stratification of the water column.  In contrast, the July 
9 event was characterized by a major decrease in !t throughout the water column.  
The water column in June, July, and early August in the Sound was stratified 
more strongly than during the other sampled months (figure 4).  Clear isopycnals in the 
water column were seen on June 4, July 16, July 30, and August 6. In these months, !t at 
2 m depth ranged from 20.0 to 22.5 kg m
-3
, while values during the other months ranged 
from 22.5 to 23.5 kg m
-3
.  The lower water column (10 to 19 m) maintained a !t range of 
22.5 to 23.5 kg m
-3
 for the entire sampling season.  A lone exception to this was the HSC 
event on or before July 9 that brought 21.0 kg m
-3
 water into the lower water column.  
On stratified dates in June through early August the warmest water temperatures 
were observed in the upper water column (figure 5). The temperature in the upper 2 m 
ranged from 12.3 to 16.1°C during these months, in contrast to the other months when
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Figure 4.  CTD-collected !t (kg m
-3
) from Rosario Point within East Sound, Orcas Island, WA for the months May – October, 2007.  Tick marks 
on the x-axis indicate sampling dates. 
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Figure 5. CTD-collected temperature (˚C) from Rosario Point within East Sound, Orcas Island, WA for the months May – October, 2007.  Tick 
marks on the x-axis indicate sampling dates. 
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Figure 6. CTD collected salinity (PSU) contour plots of Rosario Point within East Sound, Orcas Island, WA for the months May – October, 2007.  
Tick marks on the x-axis indicate sampling dates. 
 
 31 
temperatures ranged from 10.9-13.0 °C.  The lower water column (10 to 19 m) had a 
temperature range of 9.0 to 12.6°C for the entire sampling season with the lone exception 
of July 9 that saw 14.3°C water below 10 m depth.   
The stratified periods of June 4, July 16, July 30, and August 6 were also 
characterized by lowered salinity in the upper water column (figure 6), forming 
haloclines before the HSC events brought higher salinity water into the water column.   
Salinity in the upper 2 m ranged from 26.5 to 29.4 psu for June, July, and early August 
and 28.5 to 30.1 psu for the other months.  The lower water column had a salinity of 29.4 
to 30.7 psu for the sampling season, with the exception of July 9, when a salinity of 28.1 
psu was found in the lower water column.  
On July 9, the water column had highly unusual features that appeared on all 
measured hydrographic variables in which lower !t water was present in patchy layers at 
12 to 13 m and 15 to 16 m depth with higher !t water located above those layers (figure 
4).  Explanations for this feature include either instrument malfunction, or higher !t water 
intruding into the existing water body from outside the sound.  The shift in nutrient and 
water characteristics that accompanied this water body was associated with a major 
species compositional change that persisted through July (see below).   
 
Nutrients 
As a general trend, May and June in East Sound had the lowest dissolved 
inorganic nutrient concentrations of the study period, with July through October all 
having varying but higher concentrations of dissolved nutrients (table 4 and figure 7).  
The one exception to this observation was the mid-July nutrient depletion event, with  
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Table 4.  Initial inorganic nutrient concentrations (µM) ± one standard deviation and nitrate:phosphate ratios in the surface mixed layer for all 
sampling dates (n=3) at Rosario Point within East Sound, Orcas Island, WA. Dotted line separates the first sample, which was collected from the 
middle of the chl maximum layer (9m), from all other samples, which were collected from the upper mixed layer.   
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Figure 7.  Seasonal changes in nutrient concentrations (n=3) for the mixed layer at Rosario Point 
within East Sound, Orcas Island, WA during the months May – October, 2007.   
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nitrate and phosphate concentrations of 0.8 and 0.1 !M, respectively.  For the complete 
sampling season, nitrate ranged from 0 to 44.9 !M, phosphate from 0 to 1.6 !M, and 
silicate from 8.0 to 42.2 !M.  The range for nitrate in May to June was 0 to 8.3 !M (0 to 
2.8 !M if the first sample is not included due to its location at the pycnocline). The first 
substantial increase in nutrients occurred concurrently with the HSC event on July 9 
(figure 7).  Nitrate and phosphate quickly disappeared during the following week while 
the silicate concentration showed no change.  This drawdown was followed by a second 
increase in nutrients, observed on July 23 and coinciding with the third HSC event.  The 
nutrient concentrations then underwent a gradual decline into the beginning of August.  
In mid-August, a slight increase was observed in the concentrations of all three nutrients, 
with phosphate increasing proportionally more than the others.  This was then followed 
by a major nitrate and phosphate increase observed in late September and early October.   
Anomalies in the nutrient pattern were present on two sampling dates. On July 16 
there is a high probability that the near-surface sample that was collected (table 1) was 
not representative of the water column.  The low-salinity layer occupying the upper 2 to 3 
m (figure 4) likely had different nutrient characteristics than the rest of the water column.  
The second anomaly occurred on September 26, when there was an extremely high 
nitrate value of 44.9 !M observed.  This data point is suspicious due to a N:P ratio of 
27.3 (table 4); further, this value is well above the typical nitrate range of 10 to 25 !M 
found in the nearby Strait of Juan de Fuca (Mackas & Harrison 1997).   
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Light 
Incident irradiance, measured as photosynthetically active radiation (PAR), 
reached a peak during May and June (figure 8).  Substantially reduced PAR was evident 
in early July to around 20 mol photons m
-2
d
-1
, while high sustained light was observed 
later in the month closer to 45 to 50 mol photons m
-2
d
-1
.  The highest measured value 
during the sampling period was 54.8 mol photons m
-2
d
-1
 on June 19, 2007.  PAR during 
the incubation experiments ranged from 11.7 to 53.9 mol photons m
-2
d
-1
 (table 1), with 
the May 18 incubation receiving 53.9 mol photons m
-2
d
-1
, and the October incubation 
receiving 11.7 mol photons m
-2
d
-1
. 
Attenuation coefficients within the water column (figure 9) compared fairly well 
with the distribution of phytoplankton as indicated by in-vivo fluorescence (figure 10).   
The highest attenuations were observed during the blooms on May 7 (4 to 6 m depth) and 
August 6 (0 to 3 m depth); other May and June sample dates also had high attenuation in 
the upper 4 m. Whole water column attenuation increased dramatically in August with 
peak attenuation observed in the upper 3 m.  By September, the whole water column was 
fairly homogeneous.  Of note, attenuation on June 18 was found to be very high near the 
surface.  This contrasts with the low chl biomass estimates observed on that date; the 
discrepancy can be explained by the poor physiological condition of the phytoplankton 
community. The sampled water appeared to contain two morphological types of 
Rhizosolenia spp.  One of the types appeared to be dead, as many empty frustules were 
present while the other had visible chloroplasts still present inside the frustules (figure 
11). 
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Figure 8.  Daily integrated photosynthetically active radiation (PAR) measured with a rooftop 
mounted meteorological station at Shannon Point Marine Center, Anacortes, WA during the 
sampling period.  The gap in data collection seen at the end of September was due to a 
malfunction of the meteorological station. 
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Figure 9. Contour plot of light attenuation coefficients ( m
-1
) collected using a spherical light sensor at meter increments at Rosario Point within East 
Sound, Orcas Island, WA for the months May to October, 2007.  Tick marks on the x-axis indicate sampling dates.  Note that the August 20 
sampling date that is found on other graphs is not present due to malfunction of the data logger for the light meter. 
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Figure 10.  Relative fluorescence units (RFU) obtained from a CTD mounted Wetstar Fluorometer at Rosario Point within East Sound, Orcas Island, 
WA during the months May – October, 2007.  
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Figure 11.  Cells of Rhizosolenia spp. sampled on June 18, 2007 from Rosario Point, East Sound, 
Orcas Island, WA.  The cell on the right was measured and counted, although many other cells in 
poor condition (i.e. apparently lacking chl) were present, as seen by the other cells in the field of 
view.  These other cells were not counted, but could have led to high attenuation of light (figure 
9).   
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Available light to the microplankton community at the different sampling depths 
varied through the summer in accordance with fluctuations in incident irradiance (figure 
8) and attenuation coefficients (figure 9).  Based on the light history prior to sampling, 
the greatest sustained PAR in the upper 2 m was observed on June 4, July 9, July 30, and 
August 6 with values near 30 mol photons m
-2
d
-1
 being present for multiple days (figure 
12).  The greatest sustained penetration of light to depth prior to sampling was found in 
September with >5 mol photons m
-2
d
-1
 reaching 6 m, although all months reached this 
value periodically at a depth of 4.5 m.  The light history prior to sampling with the lowest 
sustained PAR was observed on June 18 and July 23, as several days occurred with <5 
mol photons m
-2
d
-1
 available at 1 m depth.  
 
Biological Environment 
Three distinct diatom communities were present during the May to October 
sampling season in East Sound, WA (herein referred to as community states, or simply 
states) with one additional community state that was characterized by smaller non-diatom 
phytoplankton cells.  These states were aligned with the HSC events and ensuing water 
column stabilization following these disturbances to divide the sampling season into four 
distinct time periods (spring, early summer, and mid-to-late summer for diatoms; mid 
summer for the <20-!m cells) with similarities in environmental variables and species 
present.  The following measurements describe various characteristics of these 
community states. 
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Figure 12. Available light (PAR) through the water column (mol photons day
-1
). Data was collected using a spherical light sensor at meter 
increments for attenuation and meteorological station data for incident irradiance, with calculations performed to predict the available light at each 
depth.  Note that the August 20 sampling date is not present due to malfunction of the data logger for the light meter, and the late September gap 
represents the time period where the meteorological station was not active.
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Size-fractionated Chlorophyll a 
Three of the four community states were associated with increased chl 
concentrations during the study (figure 13).  The spring state was a chl peak of 13.1 µg 
chl a  L
-1
 that occurred in early May and was dominated by the >20-!m size fraction, 
which constituted 84 % of the total chl concentration (appendix B).  This was followed 
by a low nutrient environment and subsequent decrease to 6.5 µg chl a L
-1
 that 
characterized the early summer state starting in late May, after which chl concentrations 
remained relatively low (<5 µg chl a L
-1
) for nearly 2 months.  On July 16, a second peak 
of chl was observed following the HSC event of July 9 to initiate the mid-summer state, 
with a total concentration of 10.5 µg chl a L
-1
; in contrast to the May bloom this event 
was dominated by small cells, with 96% of the chl present in the <20-µm size fraction.  
This <20-!m chl biomass remained high for several weeks before a decrease in total chl 
to ~5 µg chl a L
-1
 on July 30.  The last peak that constituted the mid-to-late summer 
community state, the highest of the season at 15.8 µg chl a L
-1
, occurred in early August 
and appeared to persist for at least two weeks with the >20-!m size fraction comprising 
most (76 to 81%) of the total chl biomass.  September and October sample dates had low 
chl concentrations with a slightly higher contribution of the smaller (<20 µm) size 
fraction.  
There were differences in the vertical distribution of fluorescence (and, by 
extrapolation, chl biomass) over the sampling period as well.  Layers at 4 to 9 m depth 
characterized the spring and early summer; chlorophyll was highest at the surface during 
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Figure 13.  Initial chlorophyll (µg/L) concentration for two size fractions (>20-µm and <20-µm) 
in near-surface water from Rosario Point within East Sound, Orcas Island, WA for the months May 
– October, 2007.   
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 mid-summer, and was distributed through the first 15m of the water column for the late 
summer community state (figure 10).  Comparison of the sampling depth on each date 
with the distribution of phytoplankton by in-vivo fluorescence (table 1, figure 10) shows 
that the spring and early summer community states allowed a clear sampling from above 
the chlorophyll maximum layer, while the other community states saw either surface 
blooms or vertically distributed biomass.  Given that the first sample location at the 
pycnocline had a similar species composition as the second sample from above the 
pycnocline, the measured communities appear to fairly well represent the dominant 
communities in East Sound for the sampling period. 
The mid-summer was the only community state of the season with bloom 
conditions dominated by a non-diatom.  This time period coincided with the most 
dramatic low salinity HSC event of the season that was detected with the July 9 sample 
and remained as a <28 psu surface lens one week later on July 16.  The high chl 
concentrations present in the <20-!m size fraction on July 16 show that a bloom 
occurred, and microscope observations revealed that the dominant species was the 
raphidophyte Heterosigma akashiwo (Menden-Deuer personal comm.).  This species 
cannot be preserved with any of the preservation methods used in this study and was 
unable to be quantified beyond chl concentration.  Additionally, Heterosigma akashiwo 
has a diameter of ~15 to 18 µm (Strom personal comm.) and fragility to pressure and 
turbulence were suspected to have allowed chl to have slipped through the 5-µm pore size 
filters used to fractionate the chl (perhaps through shedding of chloroplasts).  Due to this 
inconsistent size fractionation among replicates, all analysis for all sampling dates were 
based on combined <5- and 5- to 20-!m size fractions (i.e. chl <20-!m).  Complete data 
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for the three chl size fractions are presented in appendix B.  This bloom was observed by 
July 23 to have changed to an unidentified <10 !m motile autotrophic flagellate 
suspected to be a prasinophyte (Menden-Deuer, personal communication).  The 
occurrence of H. akashiwo in this particular set of environmental conditions supports 
previous ideas regarding the ecological niche of Heterosigma akashiwo, in which 
behavioral aggregation in surface waters and tolerance of low salinity conditions promote 
bloom formation (Bearon et al. 2006).  
 
Planktonic abundance and carbon biomass 
Major shifts in species abundance and community composition were seen in 
association with the four identified community states, providing conditions that at times 
selected one or two species (early summer), to states where high species richness was 
present (mid-to-late summer).  Microzooplankton and diatom abundances are listed in 
appendices C and D, while organic carbon biomass estimates are listed in appendices E 
and F, respectively.  Total carbon biomass for diatoms (table 5) roughly paralleled the 
temporal pattern for chl (figure 13), and broad taxonomic groups (figure 14) tended to be 
dominated by one or a few genera (figure 15).  The focus of this analysis is the diatom 
species present during the three diatom community states along with microzooplankton 
that are known diatom grazers (Protoperidinium spp., 40 to 59-!m Gyro/Gymnodinium 
spp., >60-!m Gyro/Gymnodinium spp., Laboea spp., and ciliates >60-!m). 
During the early May spring sampling, at the pycnocline, a diatom bloom was 
already in progress (figure 14) consisting of Pseudo-nitzschia spp., primarily P. pungens  
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Table 5.  Carbon (µg C L
-1
) concentrations for four major taxonomic divisions of the microplankton community (n=2 for cell counts, with a third 
count done when the % difference was greater than 15%).  The total C refers to sum of the microplankton community carbon biomass (diatoms + 
microzooplankton), with % total representing the % of each sub-category to the total C. 
 
 
Total C
Dates (µg L
-1
) C (µg L
-1
) % total C (µg L
-1
) % total C (µg L
-1
) % total C (µg L
-1
) % total C (µg L
-1
) % total C (µg L
-1
) % total
5/7 350 328 93.7 83 23.7 245 70.0 22 6.3 9.1 2.6 6 1.7
5/21 253 215 85.0 52 20.6 163 64.4 38 15.0 18 7.1 14 5.5
6/4 196 96 49.0 96 49.0 <0.05 0.0 100 51.0 63 32.1 30 15.3
6/18 339 223 65.8 222 65.5 0.6 0.2 116 34.2 49 14.5 53 15.6
7/9 330 74 22.4 72 21.8 1.2 0.4 256 77.6 193 58.5 48 14.5
7/16 82 3 3.7 2.8 3.4 0.3 0.4 79 96.3 58 70.7 21 25.6
7/23 93.5 3.5 3.7 3.0 3.2 0.5 0.5 90 96.3 38 40.6 45 48.1
7/30 203 23 11.3 16 7.9 7.6 3.7 180 88.7 111 54.7 45 22.2
8/6 387 244 63.0 231 59.7 13 3.4 143 37.0 110 28.4 33 8.5
8/20 363 194 53.4 191 52.6 3.2 0.9 169 46.6 137 37.7 32 8.8
9/26 112 8.5 7.6 8.4 7.5 <0.05 0.0 103 92.0 50 44.6 25 22.3
10/5 43.5 6.5 14.9 6.4 14.7 <0.05 0.0 37 85.1 24 55.2 12 27.6
CiliateCentric diatomTotal diatom Pennate diatom Microzooplankton Dinoflagellate
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Figure 14.  Seasonal progression of the microplankton community at Rosario Point within East 
Sound, Orcas Island, WA for the months May – October, 2007.  Composition is visualized as a) 
carbon biomass and b) abundance for both diatoms and microzooplankton.  Note different scales 
for diatom and microzooplankton abundance.  Values are means (n=2 or 3; see methods for 
details) 
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Figure 15.  Percent contribution of individual diatom taxa to community (a) carbon biomass and 
(b) abundance.  Identification was to genus level.  Values are means (n=2, with a third sample 
analyzed when the % difference was >15%).   
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and P. multiseries (figures 15 and 16).  The Pseudo-nitzschia spp. bloom in early May 
and on May 21 dominated the spring community state (2.1 x 10
6
 cell L
-1
 and 212 !g C L
-1
 
at the peak on May 7).  During this state, microzooplankton never exceeded 2.8 x 10
4
 cell 
L
-1
 or 38.2 !g C L
-1 
(figure 17), with the most abundant taxa being small, Amphidinium 
spp. dinoflagellates and <20-!m ciliates, with additional contributions from 20 to 39-!m 
ciliates and tintinnids.  Invertebrate larvae and Protoperidinium spp. were the major 
carbon biomass contributors to the microzooplankton community (figures 18).  Biomass 
of Protoperidinium spp. was lower on May 21 compared to May 7.   
From the end of May to the major HSC event of July 9, the second community 
state found in the early summer occurred with Rhizosolenia spp. dominating the 
phytoplankton community abundance and carbon biomass at 1.5 x 10
6
 cells L
-1
 and 221 
!g C L
-1
, respectively (figures 15 and 19).  A new water mass arrived through that time, 
observed as a moderate salinity change that occurred on or before June 18 to increase 
both chl and carbon-based biomass estimates. When Rhizosolenia spp dominated the 
diatom community, microzooplankton increased from low cellular and carbon 
concentrations in May to 1.1 to 1.2 x 10
5
 cells L
-1
 and 100 to 116 !g C L
-1
 in June.  The 
20 to 39-!m Gyro/Gymnodinium spp. along with <20-!m ciliates, comprised >70 % of 
the microzooplankton community abundance through the month, and constituted the 
majority of the carbon biomass (figure 18).  Protoperidinium spp. was present at nearly 
double the carbon biomass found in the May samples (7 to 8 !g C L
-1
), while ciliates 
>60-!m and Laboea spp. were found at or near their peak carbon concentrations of the 
season (7.23 and 10.8 !g C L
-1
, respectively).  
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Figure 16.  Percent contribution of individual taxa to pennate diatom community (a) carbon 
biomass and (b) abundance.  Identification was to genus level.  Values are means (n=2, with a 
third sample analyzed when the % difference was >15%).  ND = not detected.   
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Figure 17.  Microzooplankton carbon biomass (a) and abundance (b) for two major taxonomic 
categories (ciliates and dinoflagellates).  Values are means (n=2, with a third sample analyzed 
when the % difference was >15%). 
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Figure 18.  Percent contribution of microzooplankton taxa to community (a) carbon biomass and 
(b) abundance.  Values are means (n=2), with a third count analyzed when the % difference was 
>15%).  
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Figure 19.  Percent contribution of individual taxa to centric diatom community (a) carbon 
biomass and (b) abundance.  Identification was to genus level.  Values are means (n=2, with a 
third count analyzed when the % difference was >15%). 
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The initiation of the mid-summer community state occurred on July 9 with 
conditions favorable for the accumulation of chl concentrations to bloom levels in the 
<20-!m size fraction (Heterosigma akashiwo).  Bloom concentrations of this toxic algae 
were observed on July 16 along with decreases in all July 9 diatom species abundances 
(figure 14).  The lowest diatom cellular and carbon concentrations of the study, 3.3 x 10
3
 
cells L
-1
 and 3.05 !g C L
-1
, occurred during this community state.  Additionally, the 
microzooplankton community was comprised primarily of smaller cells with a slight 
reduction (relative to July 9) in total abundance at 1.4 x 10
5
 cells L
-1
 and greater 
reduction in carbon biomass at 78.9 !g C L
-1
.  Major increases in the percent contribution 
to the microzooplankton community were observed for the <20 !m ciliates, which 
increased 10-fold to 6.0 x 10
4
 cell L
-1
 while the larger ciliates and dinoflagellates 
abundant on July 9 were greatly reduced.  
The mid-to-late summer community state was observed in late July and early 
August, beginning with the third HSC event on July 23 and continuing through the 
resulting bloom and water column stabilization on July 30.  Guinardia spp. was the first 
to increase from mid-July, accompanying Thalassiosira spp. at ~1.4 !g C L
-1
 on July 23, 
followed by the additions of Eucampia spp. and Nitzschia spp. the following week to 
raise total diatom abundance and carbon biomass to 1.3 x 10
5
 cells L
-1
 and 23.2 !g C L
-1
, 
respectively; from the extreme lows of early July.  Microzooplankton abundance hovered 
at 1.6 to 1.7 x 10
5
 cells L
-1
, although a doubling of their carbon biomass occurred 
from 90.3 to 180.0 !g C L
-1
 during this week.  The corresponding compositional changes  
included ciliate abundances decreasing by half, with dinoflagellate abundances increasing 
74% to 1.3 x 10
5
 cells L
-1
. Most of this increase occurred in the 40 to 59 !m 
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Gyro/Gymnodinium dinoflagellates, along with Miscellaneous dinoflagellates 
(Dinophysis spp. and Ceratium spp. increasing the most), and Protoperidinium spp. 
(figure 18 and 20).   
As the mid-to-late summer community state provided the best opportunity to 
observe diatom and microzooplankton interactions, this time period is described in more 
detail.  Phytoplankton bloomed on August 6 as evident in the high in-vivo fluorescence 
extending throughout the upper 8 m of the water column; on August 20, bloom 
conditions extended down to 18.4 m with numerous high fluorescence layers present 
(figure 10).  Diatom abundance peaked at 1.9 x 10
6
 cells L
-1
 in the first week of August, 
with Chaetoceros spp. and Skeletonema spp. making up most of the community in 
abundance during this time.  Chaetoceros spp. consisted primarily of C. dibilis and C. 
laciniosus on August 6, but shifted to C. vanheurckii as the dominant Chaetoceros 
species on August 20 (figure 19). Microzooplankton abundance slightly decreased from 
the high on July 30 to 1.2 x 10
5
 cells L
-1
 on August 20, continuing to decrease through the 
rest of the study.  Microzooplankton carbon biomass, however, remained relatively 
constant through August before the major declines during the fall months of the study.  
Losses of carbon biomass in this community were seen in Dinophysis, 20 to 59 !m 
Gyro/Gymnodinium dinoflagellates, and 20 to 39 !m ciliates through August.  As the 
study moved into September and October, the phytoplankton community saw decreases 
in all genera; Thalassiosira decreased the least, completely dominating the composition 
by October 5.  Both ciliates and dinoflagellates decreased, and the 20 to 39 !m 
Gyro/Gymnodinium dinoflagellates remained the dominant microzooplankton taxa in the 
water. 
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Figure 20 - Percent contribution of individual taxa to miscellaneous dinoflagellate (a) carbon 
biomass and (b) abundance.  Cell count numbers are means (n=2), with a third count analyzed 
when the % difference was >15%).  
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Biological Interactions 
Phytoplankton growth 
Phytoplankton intrinsic growth rate without nutrient addition (!-N) was used for 
the analysis of growth of the community as it best represents in-situ growth rates at 
Rosario Point, East Sound, Orcas Island.  There was a general trend for the total 
community of low !-N in the spring and early summer states of May and June, followed 
by a peak the first week of July as the community shifted to the summer state.  Rates 
decreased over the next two weeks to remain relatively constant during the rest of the 
season (figure 21a).  Spring and early summer total community !-N ranged from zero to 
negative, including a highly negative rate of -0.46 d
-1
 observed on May 21 that coincided 
with the lowest measured phosphate concentration of the study (0 !M).  The HSC event 
of June 18, during the early summer community state, increased !-N to 0.19 d
-1
 before a 
peak of 0.45 d
-1
 occurred with the major HSC event of July 9.  The elevated growth rates 
of the early to mid-summer state continued for the total community on July 16 with a rate 
of 0.32 d
-1 
before decreasing to a lower, less variable level (0.19 to 0.21 d
-1
) from mid-to-
late summer into September.   
Size fractionation of chl revealed different patterns for both the >20-µm and <20-
µm cells compared to the total community (figure 21b and c).  Rates of !-N were 
generally higher for the larger (>20!m) cells with fewer instances of negative rates.  The 
lone exception was during the major HSC event on July 9.  On that date, !-N was higher 
for the smaller (<20 !m) size fraction.  The highest rate of the season for the >20 -!m 
size fraction (0.63 d
-1
) occurred on July 23 when Thalassiosira spp. and Guinardia spp. 
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Figure 21.  Intrinsic growth rate (µ) with and without nutrient addition for a) total chl, b) >20-!m 
chl and c) <20-!m chl in samples taken from Rosario Point within East Sound, Orcas Island WA. 
Error bars represent one standard deviation (n=4).  Asterisks reflect significant differences 
between the two growth rate estimates on a given date (p<0.05).  Note differences in y-axis scale 
range for a to c; y-axis in c has been truncated in the negative range with the rates listed in text 
next to the truncated bars. 
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dominated the diatom carbon biomass.  Peak !-N for the <20 -!m size fraction (0.55 d
-1
) 
was observed during the HSC event of July 9 that pre-dated the Heterosigma akashiwo 
bloom the following week.  
 
Phytoplankton growth with nutrient addition 
Nutrient stress in the total phytoplankton community, as measured by an increase 
in intrinsic growth rates upon nutrient addition (!+N - !-N), was most commonly observed 
during the spring and early summer communities of May and June, although August 6 
additionally showed stress (figure 21a).  In addition, phytoplankton in July, August, and 
October often responded to nutrient enrichment with significant changes in growth rate 
for either one or both of the size fractions (table 6), although this was not always apparent 
in the total community response.  The largest growth rate increase for the total 
community was from -0.46 d
-1
 to 0.23 d
-1
 on May 21.   This increase was most 
pronounced in the >20 -!m
 
size fraction as it changed from declining population growth 
to positive growth (figure 21b).  June 4 and 18 additionally showed significant nutrient 
enhancement of growth rates in both size fractions; the community then appeared nutrient 
replete through July until August 6, when a strong enhancement effect was observed 
(0.34 to 0.92 d
-1
 for >20 m cells; -0.25 to 0.18 d
-1
 for <20 m cells).    
There was little effect of nutrient addition on intrinsic growth rates when ambient 
NO3 was >5 !M or when PO4 was >0.3 µM (figures 22 and 23).  Below these thresholds 
for ambient nutrient concentrations in the sampled water, an increase in ! of  >0.3 d
-1
 was 
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Table 6.  2-way t-test results for differences between phytoplankton intrinsic growth rates with 
and without nutrient addition.  Asterisks on the day of year denote the number of size fractions 
that showed significant differences in rates (p<0.05). df = degrees of freedom. 
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Figure 22 – Change of phytoplankton intrinsic growth rate (!" = "+N - "-N; d
-1
) in response to 
nutrient addition compared to nitrate concentration (n=3) in water samples.  
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Figure 23 – Change of phytoplankton intrinsic growth rates (!" = "+N - "-N; d
-1
) in response 
nutrient addition in relation to phosphate concentration (n=3) of water sample. 
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consistently observed in response to nutrient addition.  The one exception was on July 16, 
when the effect of nutrient addition was to decrease growth rates for both size fractions 
and for the total community (figure 21).  This possibly occurred because the surface 
sample location did not represent the water column and the highly motile phytoplankton 
cells were not nutrient stressed, despite low ambient nutrient concentrations in the 
sample.  A mobile cell could have accessed a deeper layer with higher nutrients since it 
was in close proximity to the shallow surface layer.  
 
Microzooplankton grazing 
Microzooplankton grazing rates on the total phytoplankton community were low 
in May and early June, peaked in mid-June, and remained elevated through the mid-
summer before decreasing to nearly zero during the mid-to-late summer community state 
at the beginning of August; rates remained low for the rest of the study (figure 24a).  May 
samplings of the nutrient-starved Pseudo-nitzschia spp. bloom resulted in negative 
grazing rates due to lower net growth rates in the diluted bottles (10% WSW+N) 
compared to the undiluted controls (WSW-N).  Following the spring low grazing period, 
rates peaked with a high of 0.4 d
-1
 on June 18, following a moderate HSC event 
characterized by high Rhizosolenia spp. abundance. Grazing rates then ranged from 0.24 
to 0.34 d
-1
 for two of the next three weeks, with microzooplankton consuming ~53% of 
the phytoplankton production during the July 9 initiation of the mid-summer community 
state.  The exception was the July 16 Heterosigma akashiwo bloom, during which 
grazing rates were near zero (table 7).  July 30 saw a reduction in the total community  
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Figure 24.  Intrinsic growth rates (!-N) and grazing rates (g) for a) total chl, b) >20-!m chl and c) 
<20-!m chl from Rosario Point within East Sound, Orcas Island WA. Error bars represent 
standard deviations (n=4).  Note differences in y-axis scale range for a-c; y-axis in c has been 
truncated in the negative range with the rates listed in text next to the truncated bars. 
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grazing rate to 0.16 d
-1
 at the beginning of the mid-to-late summer, although micrograzers 
consumed ~76% of the total phytoplankton production on this date before rates decreased 
to lower levels (0.01 to 0.07 d
-1
) in August and September as Skeletonema spp. and 
Chaetoceros spp. bloomed.   
Patterns of grazing on small and large phytoplankton size fractions were 
remarkably different from those characterizing the total community.  Spring months 
observed intermittent negative grazing rates, although observations show rates of grazing 
on the >20-!m size fraction on May 21 and June 4 increased from ~zero to 0.24 d
-1
 as the 
phytoplankton species changed from Pseudo-nitzschia spp. to Rhizosolenia spp.  
Concurrent with the major HSC event of July 9, grazing rates on both size fractions were 
approximately equal.  However, the intrinsic growth rate was much higher in the <20-!m 
size fraction, with the result that the micrograzer community consumed only ~49% of the 
phytoplankton production in that size fraction compared to ~83% for the >20-!m size 
fraction (table 7).  With high grazing rates on the >20-!m cells, a major decrease in 
diatom carbon biomass was observed from July 9 (73.7 !g C L
-1
) to July 16 (3.05 !g C L
-
1
).  Grazing rates on the >20-!m fraction were nearly zero on July 16 with the remaining 
Thalassiosira spp. greatly dominating the sparse diatom community; rates increased to 
0.35 d
-1
 with the increase of the diatom Guinardia spp. on July 23.  The mid-to-late 
summer community state saw very low (0 to 0.08  d
-1
) grazing rates on the >20-!m size 
fraction, as the diatoms bloomed on August 6.  During this time, grazing rates on the 
<20-!m size fraction remained in the range of 0.30 to 0.36 d
-1
, with the exception of 
August 6, when the rate decreased to zero.  This observation is important as it means
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Table 7.  Phytoplankton intrinsic growth rates (!-N) and grazing rates (g) (n=4), ± one standard deviation.  The ratios of the grazing to growth for 
all dilution experiments are listed, with ratios not reported when either a growth or grazing rate was negative.  Numbers in parenthesis are 
phytoplankton intrinsic growth rates with added nutrients.   
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that the 1.2 x 10
5
 cells L
-1
 of microzooplankton present in the water on August 6 were not 
eating phytoplankton in either size fraction (figure 24) as well as 1.7 x 10
5
 cells L
-1
 on July 
30 unable to feed on the >20-!m size fraction (during the initiation and onset of the >20 !m 
diatom bloom).  Grazing rates in September and October were moderate for both size 
fractions, not exceeding 0.13 d
-1
 while the growth rate of the >20-!m size fraction exceeded 
0.37 d
-1
.   
 
PUA production of the planktonic community 
 The planktonic community in East Sound exhibited large variations in PUA 
production whether normalized to cells or to diatom cell carbon (figure 25, table 8).  The 
highest PUA levels were observed in the mid-to-late summer community state on July 30, 
these being >2X the production levels of any other date.  High PUA production was also 
observed during the spring state (May 7 and May 21), and the mid-to-late summer state 
(August 6 and August 20).  There were also differences in PUA composition through the 
season.  For example, the July and August samples included decadienal, while May samples 
did not.  Additionally, the August samples had larger proportions of octadienal and 
octatrienal than the July 30 sample, resulting from differences in diatom species or different 
responses to environmental variables.  The May communities comprised mostly Pseudo-
nitzschia spp., with lesser contributions from Chaetoceros spp and several other genera.  Late 
July saw Thalassiosira spp. dominant, with Eucampia and Nitzschia making substantial 
contributions; August communities comprised primarily Skeletonema and Chaetoceros, with 
lesser amounts of Thalassiosira in late August than early August.  Any of these species could 
have been involved in the production of PUA. 
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Figure 25. Poly-unsaturated aldehydes (PUA) by weight in near surface seawater samples from May 
to October, 2007 at Rosario Point in East Sound, Orcas Island WA.  Terminology is as follows: C7 
refers to all 7-carbon aldehydes detected (heptadienol and heptatrienol), C8:2 refers to octadienol, C8:3 
refers to octatrienol and C10 refers to decadienol.  ND = not determined.  tr = trace amount detected. 
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Table 8. Poly-unsaturated aldehydes (PUA) per diatom cell and per g diatom C in near surface seawater samples from Rosario Point in East 
Sound, Orcas Island WA.  Terminology is as follows: C7 refers to all 7-carbon aldehydes detected (heptadienol and heptatrienol), C8:2 refers to 
octadienol, C8:3 refers to octatrienol and C10 refers to decadienol.  “-“ = not determined.  tr = trace amount detected.  
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DISCUSSION 
East Sound characteristics 
Four community states coinciding with distinct environmental characteristics were 
identified during this study, corresponding to spring, early summer, mid-summer, and mid-
to-late summer sampling periods.  Each of these states occurred when the water column 
stabilized following an HSC event that altered whole water column environmental 
conditions, or in the case of the early summer state, occurred with low nutrient concentration.  
Each state had a characteristic phytoplankton community present (diatoms being the 
dominant phytoplankton division during three, with flagellated algae dominating during the 
fourth) and varying species and concentrations of microzooplankton present.  
 
PUA production 
An understanding of the pervasiveness of PUA-producing diatoms in marine habitats 
continues to be limited by the number of studies that look for these chemicals in the field.  To 
confound this issue, a complete understanding of the mechanism for PUA production is 
currently lacking.  Recent studies have begun to identify the full suite of lipid precursor 
molecules (Pohnert 2002, Cutignano et al. 2006), environmental factors regulating these 
molecules (Guschina & Harwood 2006), factors regulating PUA production from the 
precursors (Ribalet et al. 2007), enzymes that interact with the lipid molecules (Pohnert 2002, 
Fontana et al. 2007), genes coding for those enzymes (Fontana et al. 2007), and ultimately 
the effects of the reactive aldehyde products on common grazers (Ianora & Miralto 2010, 
Strom et al. 2010).  The incredible success of the phylum Bacillariophyceae (diatoms) as an 
important contributor to global primary production emphasizes the importance of a greater 
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understanding of the environmental triggers and ecological function relating to PUA 
production.     
 
PUA-producing diatoms 
My study examined the samples collected from Rosario Point, East Sound for the 
presence of any new PUA-producing genus of diatom that has not been previously identified.  
Upon discovery of PUAs in the late 1990s, zooplankton ecologists were some of the first to 
look at these compounds in marine diatoms and investigate their effect on hatching success 
of copepod eggs produced while feeding on diatoms (Miralto et al. 1999).  As a result, 
current understanding of the diatom species that produce PUAs is derived from cultivated 
strains commonly used for feeding zooplankton in laboratory studies (Pohnert 2005, Wichard 
et al. 2005a, Ribalet et al. 2007).  The only survey to date screened 51 diatom species (71 
isolates), finding that 36 percent of the species tested released PUA upon cell disruption 
(Wichard et al. 2005a).  My study found members of 21 genera of diatoms present in East 
Sound, with 49 species groups identified within the water samples tested for community 
production of PUA.  Unfortunately, some samples were known or predicted to contain a 
diatom biomass too low for detection of PUA production (July 16 & 23, September 26 and 
October 5).  Hence, PUA production was quantified on only seven of the twelve sampling 
dates.  On these dates, 16 genera and 39 species groups were present.  Each of these 
communities contained more than one species of diatoms that are potential PUA producers, 
precluding unambiguous identification of the species responsible for the measured PUA 
production.   
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Based on prior research and on relative biomass contributions in my study, several 
genera emerge as likely PUA producers with one additional genus confirmed to not produce 
PUA.  Members of the genus Pseudo-nitzschia were likely candidates for production due to 
their high biomass on the first two sampling dates, on which high concentrations of PUA 
were detected.  Additionally, the late July and August communities showed high PUA 
production, with genera Thalassiosira spp. and Nitzschia spp. dominating the biomass on 
July 30.  Chaetoceros spp. and Skeletonema spp. were the dominant genera by biomass 
through August.  The species involved in the previous survey included members of the genus 
Thalassiosira spp. (7 of the 12 tested strains produced PUA), members of the genus 
Chaetoceros (one of three strains produced PUA), four members of the genus Nitzschia 
(none produced PUAs), and members of the genus Skeletonema (all three tested produced 
PUAs) (Wichard et al. 2005a).  In addition, Pseudo-nitzschia delicatissima was previously 
shown to produce PUAs with the effect of reducing copepod egg viability (Miralto et al. 
1999).       
Additional to these likely PUA producers, some genera in my study apparently did 
not produce PUAs while in the water at high biomass.  Rhizosolenia spp. was present in the 
two June samples that were found to have little to no PUA production, in agreement with the 
results found for the one species of Rhizosolenia tested previously (Wichard et al. 2005a).  
In the PUA production survey of Wichard et al. (2005a), the highest producing diatom 
observed was Thalassiosira pacifica at 9.81 fmol cell
-1
 or 11,859 PUA C
-1
 (ppm), while other 
high producing species were Chaetoceros compressus at 2.82 fmol cell
-1
 or 2395 PUA C
-1
, 
and Skeletonema pseudocostatum at 0.38 fmol cell
-1
 or 2343 PUA C
-1
.  These numbers are 
similar to the highest community production levels found in this study (table 8) with the 
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highest detected aldehyde levels on July 30 of 4.82 fmol cell
-1
 and 3410 PUA C
-1
.  To 
evaluate whether PUA production could have been due to a single species, I assigned all 
measured PUA production to individual species rather than the entire community (table 9).  
Pseudo-nitzschia spp. was the dominant species in the two May samples; sole assignment of 
PUA production to Pseudo-nitzschia yielded an estimated 1.73 and 0.85 fmol cell
-1
, 
respectively.  Unfortunately, no previous study has reported PUA values for any members of 
this genera, though Pseudo-nitzschia delicatissima was among the first diatom species found 
to produce PUAs (Miralto et al. 1999).  The July 30 sample appears to have had several 
producers as all of the estimated individual species production values were greater than the 
highest value found by Wichard et al. (2005a) for an individual species.  August samples 
indicate production by Chaetoceros spp. and/or Skeletonema spp. 
 
Biosynthesis of PUA precursor molecules 
PUA production in diatoms is still an incompletely described mechanism due to the 
potential influences of environmental and biological factors and the multitude of biochemical 
steps involved in PUA formation.  Research is continuing to identify the cellular location and 
physiological function of the lipid classes containing the PUA-precursor fatty acids as well as 
the enzymes involved in conversion of fatty acids to PUAs.  PUA formation in diatoms is the 
result of three primary physiological processes: enzyme transcription, translation, and 
localization (enzyme synthesis), precursor lipid molecule formation, and the interaction 
between these two to form the resultant aldehydes.  The interactions appear to be controlled 
by de-compartmentalization of lipid molecules and enzymes within the live algal cell 
(Cutignano et al. 2006).  PUA formation requires contact between lipid precursors and  
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Table 9. Estimated production of poly-unsaturated aldehydes (PUA) if each genus listed was the only diatom producing the compounds.  Units are 
fmol cell
-1
 and PUA C
-1 
(ppm). ND = not determined.  tr = trace amount detected.  – equal genus not present. 
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enzymes (lipoxygenases), as can occur during physical disruption of the cell (Pohnert 
2005), or during cell-cell communication (Leflaive & Ten-Hage 2009).  
As has previously been shown in plants (Matsui et al. 2000), diatoms additionally 
can contain several lipoxygenases that form different reactive oxylipin end products, not 
all of which are aldehydes (Fontana et al. 2007).  In my study the possibility exists that 
production of other oxylipins affected microzooplankton grazing rates.  Specifically, on 
June 18 Rhizosolenia spp. possessed a high carbon biomass concentration of 221 !g C L
-1
 
and microzooplankton also had a high carbon biomass concentration at 116 !g C L
-1
, 
while the grazing rate on the >20-!m (diatom) size fraction was effectively zero (-0.10 
+/- 0.03 d
-1
).  Although there exists the possibility of an overestimate of Rhizosolenia 
spp. biomass concentration in this sample due to poor physiological condition of many 
cells, the data still show reduced grazing on the phytoplankton community that could 
have been due to another lipoxygenase end product or an additional unidentified factor.   
The precursor lipid molecules for C7, C8:2, C8:3, and C10 aldehydes are C20:5, C16:3, 
C16:4, and C20:5 poly-unsaturated fatty acids, respectively (Pohnert 2002, d’Ippolito et al. 
2003).  These lipids are constituents of the chloroplastic membrane glycolipids with 
additional C10 PUAs deriving from C20:5 fatty acids within plastid membrane 
phospholipids (Cutignano et al. 2006).  In addition to membrane lipids, the ability of 
diatoms to synthesize large quantities of non-polar triacylglycerol (TAG) storage lipids as 
an initial photosynthetic product within the chloroplast envelope has been noted in 
several studies (Shifrin & Chisholm 1981, Mock & Gradinger 2000), with the 
predominant chain length in diatoms being C16 (Shifrin 1980).  From the initial 
photosynthetic product, research has shown that TAGs are often shuttled to the 
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endoplasmic reticulum for further elongation and desaturation, and are ultimately 
exported to all non-chloroplast membranes as well as returning to chloroplast membranes 
(Thompson 1996).  Studies have begun to reveal which environmental factors control the 
type of poly-unsaturated fatty acids (PUFAs) that are formed; these studies provide 
insights into the types of PUA end products that would be synthesized in certain 
environments (see below).  The most common PUAs found during my study were the C7 
and C8 aldehydes for the May samples and C7 and C10 for the late July samples (table 8).  
During the course of the July/August blooms there was a shift to production of more C8 
and less C10 aldehydes.  This can be explained either by a shift in species that were 
producing the aldehydes over the course of the bloom, or by changing environmental 
conditions that led to differences in precursor lipid molecule synthesis.   
 
Nutrient stress and PUA production 
As nutrients (N, P, Si for diatoms) become limiting, diatoms (in common with 
most algae) slow the division of cells and the corresponding synthesis of polar membrane 
lipids that go into constructing cells (Shifrin & Chisholm 1981, Roessler 1990).  
Typically the organisms are able to maintain high photosynthetic rates during these 
stressed conditions, leading to increased accumulation of TAGs normally destined for 
biosynthesis of longer-chain plastid membrane PUFAs (Thompson 1996).  PUA-
precursor PUFAs (C20:5, C16:3, C16:4) have been shown to increase during the stationary 
phase of growth in Skeletonema marinoi, with C16:4 increasing the least among the three 
PUFAs detected (Ribalet et al. 2007).  In a similar fashion, PUA production increased 
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under nutrient stress conditions with reported increases in both C7 and C8 PUAs (Ribalet 
et al. 2007).   
To determine when the phytoplankton in East Sound were nutrient stressed, 
literature-derived half-saturation constants from Michaelis-Menten kinetics were 
compared with in-situ nutrient concentrations.  Half-saturation constants for nitrate 
uptake rates by diatoms with high initial nitrate concentrations similar to those found in 
East Sound through the summer (mean NO3 = 10.5 µM) are in the range of 0.1 to 0.9 !M 
(Collos et al. 2005).  Nitrate levels within one standard deviation of this range were found 
on May 21, June 4, and July 16 (table 4), suggesting possible nitrogen stress for these 
communities.  Similarly, half-saturation constants for silicate uptake by diatoms obtained 
during three-day incubation times were 7.04 ± 2.16 !M (Thamatrakoln & Hildebrand 
2007).  Silicate levels less than 7.04 !M were not found in my study, although 
concentrations on May 21 and June 18 were within one standard deviation of the half-
saturation constant at 9.2 and 8.0 !M, respectively.  Half-saturation constants for uptake 
of phosphorus are in the range of 0.6 to 0.7 !M for marine diatoms (Perry 1976).  
Phosphorus concentrations reached this range on May 21, both June dates, July 16, and 
both dates in August.  May 7 and July 30 were within one standard deviation of this 
range.  The only macronutrient that was potentially limiting on all dates with measurable 
PUA production was phosphorus, suggesting a possible role in the production of PUA by 
East Sound phytoplankton (figure 26).   
Additionally, a proxy for nutrient stress in my study was the increase in growth 
rate (!+N - !-N) upon the addition of nutrients (NO3 and PO4).  When nutrient stress in the  
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Figure 26 – Production of PUA related to ambient nutrient concentration in samples with 
quantified PUA (7/16, 7/23, 9/26, & 10/5 removed from graphs).  Relationships are shown for (a) 
phosphate and (b) nitrate.  Error bars represent ± one standard deviation (n=3) and dotted line 
represents upper limit of range of reported half-saturation constants (see text for references). 
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>20-!m (diatom) size fraction was compared to PUA production, results were mixed: 
two of the communities with large responses to nutrient addition had PUA production, 
although other communities without a growth response to nutrients also had some PUA 
production (figure 27).  This analysis is compromised by the varying abilities of different 
species to produce PUAs, so that few sampling dates had communities that were both 
nutrient-stressed and contained PUA-producing diatoms.  To better test the hypothesis 
that nutrient stress increases PUA production would require more samples with the 
hypothesized conditions.  Further studies would additionally be necessary to show any 
change of cellular lipid class composition with their constituent precursor fatty acids 
resulting from nutrient stress, the relationship to enzyme synthesis, and the resultant 
effect on type and amount of PUAs produced.  
 
Additional environmental stressors 
There are numerous other environmental factors that could influence PUA 
production in diatoms.  Of the three identified PUA-forming physiological processes, the 
one with the longest research history related to environmental factors is precursor lipid 
molecule formation.  Enzyme synthesis and the interaction between enzymes and lipids 
are at the beginning stages of research related to environmental regulation of PUAs.  This 
is due to the fact that the lipoxygenase enzymes in diatoms were only recently identified 
and the responsible genes have yet to be sequenced.  Additionally, few studies have 
looked at the interaction between these molecules, leaving this as an area for future 
exploration and advancement.   
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Figure 27 – Response of >20!m size fraction (diatom) growth rate to nutrient addition ("! = !+N 
- !-N), and relationship to PUA production levels. 
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Environmental factors influence algal lipid class composition and fatty acid 
profiles within each class. Here I evaluate the possible effects of measured environmental 
factors (i.e. temperature, light, and salinity) on the lipid precursors of PUAs.  The context 
of the analysis is whether a specific membrane containing relatively fixed lipid classes is 
enhanced or repressed by the factor, or whether the fatty acid composition of a lipid class 
is changed due to the factor.  As the precursor PUFAs have been shown to be located in 
the chloroplast membrane, an increase in these membranes could lead to increased PUA 
production potential.  Additionally, if the fatty acid profile becomes more unsaturated for 
a lipid class located within these membranes, an increase in PUA production potential is 
suggested due to the high degree of unsaturation of the precursor PUFA molecules. 
  
Temperature The effect of low temperature growth conditions for most algae, as in 
plants, is to increase unsaturated lipids (Somerville 1995). This increase is 
hypothesized to increase membrane fluidity, although this is still debated.  As all 
precursor PUFAs could be increased with this response, increased unsaturation 
with lower temperature could lead to more PUA production potential from both 
plasma membrane phospholipids and chloroplast membrane glycolipids.  Sample 
temperatures increased from July 30 to August 6 (figure 5), with decreased C10 
PUA following the expected trend.  The temperature then decreased through 
August with increased C8 and decreased C10 and C7 PUAs. This response 
highlights the difficulty of ascribing PUA changes to a single factor, as the C8 
precursor PUFAs (C16:3 and C16:4) would increase the unsaturation of the 
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chloroplast membrane, but the decreased C10 precursor C20:5 would decrease the 
unsaturation in the plasma membrane. 
Salinity Insight to the effect of salinity stress in algae comes from studies of a 
halotolerant chlorophyte species, Dunaliella salina.   Upon transfer into 3.5 M 
NaCl from 0.5 M NaCl, fatty acids in the microsomes (intracellular membranes 
excluding those associated with the chloroplast), exhibited a considerably higher 
ratio of C18 (mostly unsaturated) to C16 (mostly saturated) fatty acids.  The 
increase in unsaturated fatty acids is thought to acclimate intracellular membrane 
compartments to function in the high internal glycerol concentrations used to 
balance the external osmotic pressure created by salt (Azachi et al. 2002).  
Salinity variations in East Sound could have influenced observed PUA production 
if the converse were additionally true; e.g. that lower salinity reduces the C18 to 
C16 fatty acid ratio (assuming that some of the C16 fatty acids are unsaturated).  If 
this is true, the increase of C8 PUAs observed from July 30 to August 6 could be 
related to the decreased salinity observed during this time. 
Light  Generally speaking, light appears to control how much metabolic 
investment a cell puts into chloroplastic membranes: low light results in 
chloroplast synthesis to effectively gather more light while high light increases 
the level of storage TAGs (Brown et al. 1996, Guschina & Harwood 2006).  The 
effect on fatty acid profiles reflects the lipid class constituents of these 
membranes, with slightly higher levels of C20:5 observed in a red algae grown 
under low light compared to that at high light (Guiheneuf et al. 2009).  Variations 
in growth rates (!+N) related to PAR during the incubations were explored in my  
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study with no clear indication of light limitation or any light effect on nutrient-
saturated phytoplankton growth rates (figure 28). 
Synergy of variables   To further complicate the analysis, factors can act synergistically 
to influence lipid synthesis.  For example, simultaneous exposure to high light and 
increased salinity led to the highest production rates of the carotenoid astaxanthin 
in the unicellular green alga Haematococcus pluvialis (Steinbrenner & Linden 
2001)..  The study detected two carotenoid biosynthesis genes, phytoene synthase 
and carotenoid hydroxylase, to show an increased mRNA level of the first of 
these genes under high-light intensity.  When the combination of salt stress and 
high light occurred, the result was a sustained increase in both transcripts relative 
to that under high light alone (Steinbrenner & Linden 2001).   
 
East Sound phytoplankton layers 
The question of how diatoms have become one of the most dominant taxa of 
bloom-forming phytoplankton worldwide led to the investigation relating environmental 
bloom-forming conditions (factors affecting growth rates and grazing deterrents) to 
diatom distribution within the East Sound water column.  Water column features of 
interest (transitions in light availability, nutrients, salinity, and temperature) were 
observed in East Sound during this study that potentially created favorable conditions for 
increased grazing deterrence by affecting one of the three identified physiological 
processes involved in PUA formation (see Biosynthesis of PUA precursor molecules 
section).  The ability of some species to move vertically within the water column allows 
access to specific conditions necessary for growth or biosynthesis of a desired metabolite.  
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Figure 28 – Relationship between >20-!m size fraction nutrient enriched growth (!+N) and 
photosynthetically active radiation (PAR) integrated for the incubation period from the 
meteorological station in Anacortes, WA.  Incident PAR values were adjusted assuming half the 
light was blocked by each layer of shade cloth present (table 1).  Data from the first sampling date 
are not shown due to 5 shade cloths being used and presenting difficulty reproducing the light at 
the sampling depth. 
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The movement possibilities previously identified for diatoms are both biotic and abiotic 
(water movement) with migration possible to ascend/descend into new water layers to 
attain a desirable condition by exerting active buoyancy control by cell density 
alterations, (ie. sinking/floating; Erga et al. 2010).  
The phytoplankton blooms that occurred during this study were in three 
observable patterns: a diatom bloom concentrated in 2 to 3 m thick layers at depth (spring 
and early summer states), a non-diatom bloom in the surface 2 to 3 m (mid-summer state) 
and diatom bloom covering a 15 to 20 m depth range with some high concentrations 
within that structure (mid-to-late summer state).  Low light conditions found at the depth 
of the bloom in May could have played a role in Pseudo-nitzschia spp. bloom dynamics 
by increasing chloroplast membranes and the precursor C20:5 fatty acid constituents of 
these membranes.  Environmental control and function of precursor molecules and PUA 
production remains in early stages of investigation by the scientific community and 
further insight remains to be gained into the variables in the coming decades.  
 
Quality analysis 
Two major problems were identified during the data processing.  First, negative 
grazing rates were observed for the two May samples.  The second problem arose on July 
30, when the addition of nutrients to the sample caused the growth rate in the <20-!m 
size fraction to decrease significantly.  
The two May samples were problematic as the control bottles (!-N) were found to 
have negative growth rates in the <20-!m size fractions, while rates were negative to 
slightly above zero for the >20-!m size fraction (table 7).  This shows that the <20-!m 
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size fraction was declining at the time of sampling on both May dates, while the >20-!m 
size fraction was growing slightly on May 7 and declining slightly on May 21.  Two 
estimates for growth are used to derive the grazing rate and result from two different 
sample treatments (undiluted and highly dilute); therefore, the grazing rate is susceptible 
to any problem that affects the growth rate differently in one treatment than another.   
Addition of nutrients caused growth rates (WSW+N) to increase in both chl size 
fractions on May 7 and 21.  This suggests that the communities present on those dates 
were nutrient stressed (the high ambient nutrient concentrations that were present on May 
7 may have been due to the inclusion of higher salinity water from below the pycnocline 
during sample collection).  On these dates, the community was dominated in abundance 
and carbon biomass by the diatom Pseudo-nitzschia spp.  For members of this genus, 
nutrient stress has been related to production of the neurotoxin domoic acid; domoic acid 
forms an organic ligand with copper, and may give a competitive advantage to Pseudo-
nitzschia spp. in low-copper environments (Wells et al. 2005).  This genus may also 
produce other compounds that are deleterious to microzooplankton and possibly other 
algae.  One study showed a negative relationship between intracellular domoic acid and 
microzooplankton grazing, but further showed growth of the dinoflagellate grazer 
Protoperidinium pellucidum on toxic Pseudo-nitzschia sp., but not on a non-toxic 
Pseudo-nitzschia sp.  This highlights the possibility that unknown deleterious compounds 
are present in this genus (Olson & Lessard 2010).  The filtered seawater prepared during 
the May Pseudo-nitzschia dominated experiments could have contained domoic acid or 
some other toxic chemical that was released into the seawater medium during filtration.  
This could have occurred as cells were packed against the filter under the pressure of 
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gravity filtration.  Addition of toxin-laden filtrate to the natural community in the highly 
diluted treatment (used to estimate !+N) could have depressed growth rates in that 
treatment.  A depressed !+N in the dilute treatment would have led to the negative grazing 
rates that I calculated.  Support for this hypothesis is provided by the observation that the 
May 21 experiment showed more nutrient stress in the >20-!m size fraction (figure 21) 
with lower nutrient concentrations (table 4) than the May 7 sample; the May 21 
experiment yielded a correspondingly higher negative growth rate for the <20-!m size 
fraction (figure 21).   
The second problem was observed on July 30 when the addition of nutrients led to 
a decline in the <20-!m growth rate (!+N) instead of the expected growth rate response of 
no change or increase (table 6).  A possible explanation is that competition occurred 
between species, with chemical interactions dictating the different growth responses of 
the two size classes.  The addition of nutrients may have allowed the >20-!m size 
community to inhibit growth of the <20-!m size fraction.  The community on this date 
had the highest C-normalized PUA production levels of the season (attributable to >20 
!m diatoms), lending support to the hypothesis that these compounds played a role in 
interspecies competition.  Allelopathic interactions of this type have been observed 
previously.  For example, growth of diatom Thalassiosira weissflogii was reduced upon 
exposure to cell-free filtrate of Prymnesium parvum (Fistarol et al. 2005), while growth 
of T. weissflogii was enhanced by non-contact exchange of exuded metabolites with 
Skeletonema costatum (Paul et al. 2009).  This advantage may have played out in-situ as 
the chl biomass of the phytoplankton community shifted from dominance by the <20-!m 
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size fraction on July 23 to dominance by the >20-!m fraction a week later, on July 30 
(figure 13).    
Both of these issues provide a basis for further exploration of the effect of PUA 
on interspecies competition.  Unfortunately, species in the <20-!m phytoplankton size 
fraction were not identified on either of the May or the July 30 samples, to lead into 
further studies about which small-celled species were involved in the hypothesized 
interspecies chemical interactions.  Fortunately, there were identified diatom genera that 
could, in future research, be tested for an effect on other phytoplankton species through 
production of domoic acid, PUAs, or additional compounds.  
 
PUA effect on grazing 
Field data relating in-situ PUA production and microzooplankton grazing are rare.  
My study may be the first to assess how PUA production by diatoms relates to seasonal 
variability in microzoooplankton grazing rates, and ultimately to diatom species 
succession.  Although evidence has grown in the past twenty years that the primary 
consumers of diatom blooms in the ocean are microzooplankton (Calbet & Landry 2004), 
studies looking at PUA effects on these organisms have been less frequent compared to 
study of PUA effects on copepods.  Recently, an investigation of the effects on both 
ciliates and heterotrophic dinoflagellates has been conducted that showed ciliates were 
more adversely affected by the compounds than dinoflagellates (Strom et al. 2010). 
Within these microzooplankton groups, studies have identified specific taxa that can feed 
on diatoms, including Protoperidinium spp. (Archer et al. 1996, Buskey 1997), 
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Gyrodinium (Archer et al. 1996), and large ciliates such as Strombidium sp. (Smetacek 
1981).   
To compare grazing on PUA-producing versus non-producing diatoms in the 
field, a large dataset is needed with numerous samples of a variety of PUA producing 
diatoms as well as other samples where there are non-PUA producing diatoms present.  
As a caveat for the anaysis my data, misinterpretation of the effect of PUAs could occur, 
for example, when there was high biomass of non-PUA producing diatoms of poor 
nutritional quality and/or producing different (non-PUA) chemical defense compounds in 
addition to species that were producing PUAs.  In this scenario, the tendency would be to 
conclude no effect of PUAs on grazing rates because there was no difference between 
grazing on PUA and non-PUA producing diatoms, when in reality, there could have been 
multiple factors leading to reduced grazing.  A large data set containing multiple 
examples of diatoms that are readily grazed would give greater power to tease apart the 
factors leading to reduced grazing.   
On several sampling dates I observed a high biomass (>100 !g C L
-1
) of 
microzooplankton along with substantial grazing rates on total chl (figure 29a), although 
the four dates with the highest biomass levels (>125 !g C L
-1
) showed reduced 
microzooplankton grazing relative to the study maximum.  Two of those dates (August 6 
and 20) additionally had diatom biomasses >190 !g C L
-1
, providing instances of 
microzooplankton and diatoms both present in the water at high biomass with reduced 
grazing.  My study included no dates when high biomasses of non-PUA producing 
diatoms were present at the same time as high microzooplankton biomass.  This could 
imply a relationship between PUA production and lowered grazing rates as possibly the  
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Figure 29 – Microzooplankton grazing rate (g) in relation to microzooplankton carbon biomass.  
Grazing rates on (a) total, (b) >20, and (c) <20-!m phytoplankton are shown.  Error bars 
represent error estimates (grazing n=4; microzooplankton biomass n=2) 
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PUA gave advantages (i.e. a higher net growth rate) to those diatom species that were 
able to produce them.  However, data collected on June 18 did show that other factors 
could be involved, as the grazing rate on that day was low with no PUA production 
observed.  Possible explanations for this date include production of other deterrent 
chemicals, or poor diatom nutritional quality (see biosynthesis of precursor molecule 
section).  In contrast, grazing on the <20-!m cells generally increased with increased 
microzooplankton biomass (figure 29c).  The specific effect of aldehydes on 
microzooplankton grazing is presented in figure 30, showing no effect of PUA on grazing 
in the >20-!m size fraction.  It can be observed in this graph that one date (August 
6;figure 24) has a grazing rate of ~0.1 d
-1
, suggesting minor grazing on the large diatom 
community; however this rate
 
approaches the observed error estimate.  Additionally, 
ciliates were present at lower biomass concentrations than dinoflagellates when PUA 
production potential was high (figure 31), suggesting a greater tolerance of 
dinoflagellates to PUA-producing diatoms.  However, this could be explained as 
dinoflagellates being more capable of feeding on diatoms than ciliates, and are able to 
increase their biomass in response.  More samples with diatoms present with low PUA 
would be needed for comparison to clarify this response.   
To assess in-situ responses of the known diatom grazers with measured 
community PUA production potentials, the most relevant time period of high biomasses 
found for both microzooplankton and diatoms was the mid-to-late summer community 
state (figure 32).  The trend for the major diatom feeding Protoperidinium spp. was that 
the biomass did not increase from the July 30 sample to early August.  This was then 
followed by an increase in late August to show that Protoperidinium spp. did not increase  
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Figure 30 – Microzooplankton grazing rate on the >20-!m phytoplankton size fraction related to 
diatom community PUA production.  Note that the y-axis is located at -200 opposed to the 
conventional zero. 
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Figure 31 – Microzooplankton biomass by broad taxon (ciliates and dinoflagellates) related to 
diatom community PUA production (>20-!m phytoplankton size fraction) .  
 94 
 
Figure 32 – Microzooplankton carbon biomass of suspected diatom feeders related to diatom 
community PUA production for the course of the study.  On dates with no PUA production 
symbols, samples were not analyzed for PUA production. 
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in biomass with PUA-producing diatoms in the water during the initial onset of the 
bloom.  Once the diatoms were able to increase their biomass substantially by the late 
August sample, Protoperidinium spp. additionally was observed to increase their 
biomass.  Similar trends were observed for the >60 !m Gyro/Gymnodinium spp. and 
most of the >60 !m Ciliates. The exception was the >60 !m Gyro/Gymnodinium spp. 
which did not increase even by late August.  This analysis is unfortunately confounded 
by the absence of data of in-situ mesozooplankton and larger zooplankton grazers that 
potentially feed in between sampling dates on the microzooplankton community. 
 
Diatom bloom formation 
The processes allowing initiation and development of phytoplankton blooms in 
oceanic environments continue to stir debate within the oceanographic community (Sherr 
& Sherr 2009).  The two dominant theories relating to top-down control are that during 
the initiation of a bloom, the growth rates of diatom grazers are lower than those of the 
species comprising the phytoplankton bloom (Sherr & Sherr 2009), or that a ‘loophole’ 
exists in which the phytoplankton are able to avoid predation through production of 
mechanical or chemical deterrents (Irigoien et al. 2005).  These two hypotheses are 
explored with the current data set to determine whether either theory is supported.  For 
this analysis the most appropriate data to explore were those associated with the diatom 
bloom that began in late July.  The highest amount of PUA C
-1
 was produced on July 30 
prior to formation of the August bloom.  On this date in July microzooplankton 
additionally were present at high biomass, although there was no measurable grazing on 
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>20 !m cells.  PUA production then decreased as normalized to the entire diatom 
community through August as diatoms reached bloom densities and aged (assumed from 
the re-appearance of the dominant species during cell enumeration two weeks later).  The 
decrease in diatom PUA C
-1
 that occurred over the course of the August  bloom possibly 
led to a grazing rate on the >20-!m size fraction of 0.1 d
-1
 at the beginning of August, 
although it does not necessarily mean that the diatoms producing PUA compounds were 
actually producing less PUA than early in the bloom cycle.  The metric is a community 
production number, with the possibility of only a small number of species producing 
these compounds in high amounts per cell. Therefore, inclusion of non-producing 
diatoms may have decreased the estimated community production level in August and led 
to detectible grazing, while the individual species may follow different trends.   
The events of the mid-to-late summer community state support the chemical 
deterent hypothesis due to presence of high microzooplankton biomass during the 
initiation of the bloom, apparently feeding on the <20-!m cells that bloomed in mid-
summer.  The converse scenario of equally low concentrations of both predator and prey 
during the initiation of a bloom was not seen in any of the community states in this study, 
although assessing individual food-type preferences of specific microzooplankton in 
comparison to what type of algae was in the water would be necessary to rule out this 
possibility.  Detailed analysis of the dynamics of an in-situ bloom event with isolations of 
the phytoplankton and microzooplankton species could elucidate the PUA production 
potential of individual diatom species in relation to the bloom cycle and the effect on 
microzooplankton grazing.    
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Conclusions 
• Throughout spring and summer 2007, HSC events were followed by periods of 
stability in the water column.  Resupply of nutrients and subsequent water column 
stabilization allowed blooms to take root and interspecies competition to take place.  
Events and subsequent water column stabilization were characterized by different 
phytoplankton and microzooplankton community composition and biomass (community 
states).  
• PUA production was observed for communities dominated by Pseudo-nitzschia 
spp., Thalassiosira spp., Skeletonema spp., and Chaetoceros spp..  Additional genera that 
could have contributed to PUA production include Guinardia and Nitzschia.  
Rhizosolenia spp. was confirmed to not produce PUA.   
• During the mid-to-late summer (late July to early August), high PUA production 
was observed at the initiation of the bloom, before high concentrations of phytoplankton 
cells had accumulated but with high microzooplankton biomass already present.  From 
late July to early August ciliate numbers declined slightly, dinoflagellate biomass stayed 
nearly constant and diatom biomass increased by an order of magnitude.   
• PUAs appeared to give an advantage to the mixed diatom assemblage that 
produced them as lower grazing rates were observed on days with elevated PUA 
production. 
• Phosphate concentration was consistently low in samples with PUA production.   
• Seasonal differences were seen in PUA composition.  Nutrient stressed cells in 
May (primarily Pseudo-nitzschia spp.) had predominantly C7 and C8 PUAs, while August 
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samples were dominated by C10 PUAs at the beginning of the bloom and by C8 PUAs 
later in August.  
• This study supports the hypothesis that PUAs play a role in the initiation of 
diatom blooms by deterring microzooplankton grazing. 
The question of why diatoms have evolved to become one of the most dominant 
primary producers in the ocean has intrigued researchers for decades.  A prerequisite for 
success in the ocean environment is an ability to deter grazing by the myriad of 
organisms attempting to feed.  A class of potential deterrents, PUAs, along with the 
grazing rates of the most prolific feeders of diatoms globally, microzooplankton, were 
measured in this study.  Attaining a better understanding of how carbon fixed by diatoms 
from photosynthesis passes through the marine ecosystem and how diatoms defend 
themselves is vital to understanding how they have become so successful and how much 
carbon is available to larger organisms such as fish.  The data here support the hypothesis 
that PUAs are involved in the anti-predation response of diatoms that allows them to 
form blooms.  Further research is required to show that this is the primary ecological 
purpose for PUA production as other functions, such as allelopathy, have not been ruled 
out.  
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Appendix A. Equations and measurement descriptions for shapes used in table 2 and 3.  Length and width refer to 
measurements of the diatom valve view, while height refers to girdle view.  Parenthesis values refer to the source for the shape 
and equation (Roff & Hopcroft 1986, Hillebrand et al. 1999) 
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Appendix B. Size fractionated chlorophyll a concentrations (µg L
-1
)  
with % contribution of each size to the total.  ND = Not determined for that sample. 
 
 
 
Date total >20 µm
% total 
Chl a <20 µm
% total 
Chl a 5-20 µm
% total 
Chl a <5 µm
% total 
Chl a
5/7 13.07 ± 0.56 11.00 ± 0.42 84 2.07 ± 0.21 16 ND ND ND ND
5/21 6.45 ± 0.33 5.39 ± 0.28 84 1.06 ± 0.06 16 0.45 ± 0.06 7 0.61 ± 0.00 9
6/4 3.77 ± 0.27 1.58 ± 0.02 42 2.19 ± 0.26 58 1.68 ± 0.20 45 0.51 ± 0.07 14
6/18 4.16 ± 0.12 0.81 ± 0.08 19 3.35 ± 0.06 81 1.63 ± 0.16 39 1.72 ± 0.16 41
7/9 2.78 ± 0.28 1.17 ± 0.30 42 1.61 ± 0.16 58 0.88 ± 0.05 32 0.73 ± 0.11 26
7/16 10.45 ± 0.38 0.44 ± 0.06 4 10.01 ± 0.43 96 3.00 ± 0.31 29 7.01 ± 0.46 67
7/23 7.25 ± 0.08 0.73 ± 0.07 10 6.52 ± 0.14 90 2.22 ± 0.09 31 4.29 ± 0.18 59
7/30 5.06 ± 0.16 2.03 ± 0.06 40 3.02 ± 0.13 60 2.23 ± 0.23 44 0.79 ± 0.22 16
8/6 15.84 ± 0.23 12.82 ± 0.13 81 3.02 ± 0.21 19 1.72 ± 0.28 11 1.30 ± 0.11 8
8/20 10.00 ± 0.33 7.57 ± 0.74 76 2.43 ± 0.44 24 1.35 ± 0.09 14 1.08 ± 0.36 11
9/26 2.29 ± 0.05 0.68 ± 0.05 30 1.61 ± 0.04 70 0.34 ± 0.06 15 1.26 ± 0.10 55
10/5 2.05 ± 0.17 0.48 ± 0.06 23 1.57 ± 0.16 77 0.73 ± 0.26 36 0.84 ± 0.10 41
Initial chlorophyll a (µg/L)
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Appendix C – Microzooplankton abundance (cells mL-1), n=2, values in parentheses represent standard deviations. 
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Appendix D – Diatom abundance (cells mL
-1
), n=2, values in parentheses represent standard deviations, page 1 of 4 
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Appendix D – Diatom abundance (cells mL
-1
), n=2, values in parentheses represent standard deviations, page 2 of 4 
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Appendix D – Diatom abundance (cells mL
-1
), n=2, values in parentheses represent standard deviations, page 3 of 4 
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Appendix D – Diatom abundance (cells mL
-1
), n=2, values in parentheses represent standard deviations, page 4 of 4 
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Appendix E – Microzooplankton biomass (!g C L
-1
), n=2, values in parentheses represent standard deviations.  
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Appendix F – Diatom biomass (!g C L
-1
), n=2, values in parentheses represent standard deviations, page 1 of 4. 
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Appendix F – Diatom biomass (!g C L
-1
), n=2, values in parentheses represent standard deviations, page 2 of 4. 
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Appendix F – Diatom biomass (!g C L
-1
), n=2, values in parentheses represent standard deviations, page 3 of 4. 
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Appendix F – Diatom biomass (!g C L
-1
), n=2, values in parentheses represent standard deviations, page 4 of 4. 
 
 
